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ABSTRACT 
In the global search for clean, renewable energy sources, organic photovoltaics (OPVs) 
have recently been given much attention. Popular modern-day OPVs are made from 
solution-processible, carbon-based polymers (e.g. the model poly(3-hexylthiophene) that 
are intimately blended with fullerene derivatives (e.g. [6,6]-phenyl-C71-butyric acid 
methyl ester) to form what is known as the dispersed bulk-heterojunction (BHJ). This 
BHJ architecture has produced some of the most efﬁcient OPVs to date, with reports 
closing in on 10% power conversion efﬁciency. To push efﬁciencies further into double 
digits, many groups have identiﬁed the BHJ nanomorphology — that is, the phase 
separations and grain sizes within the polymer: fullerene composite — as a key aspect in 
need of control and improvement. As a result, many methods, including thermal 
annealing, slow-drying (solvent) annealing, vapor annealing, and solvent additives, have 
been developed and studied to promote BHJ self-organization.  
                Processing organic photovoltaic (OPV) blend solutions with high-boiling-point 
solvent additives has recently been used for morphological control in BHJ OPV cells. 
Here we show that even low-boiling-point solvents can be effective additives. When 
P3HT:PCBM OPV cells were processed with a low-boiling-point solvent tetrahydrafuran 
as an additive in parent solvent o-dichlorobenzene, charge extraction increased leading to 
fill factors as high as 69.5%, without low work-function cathodes, electrode buffer layers 
or thermal treatment. This was attributed to PCBM demixing from P3HT domains and 
better vertical phase separation, as indicated by photoluminescence lifetimes, hole 
xv 
 
 
  
mobilities, and shunt leakage currents. Dependence on solvent parameters and 
applicability beyond P3HT system was also investigated. 
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CHAPTER 1:  INTRODUCTION TO ORGANIC SOLAR CELLS 
Over the last few decades, research in solution processable conjugated polymers has led 
to thrusts on extensive applications in electronic devices such as solar cells, light emitting 
diodes, photodetectors, and transistors.
2
 The bandgap tunability along with high 
absorption coefficients of these conjugated polymers enables efficient photon capture in 
visible region of solar spectrum, leading to higher photocurrents. Despite the promise of 
low-cost processibility from techniques such as roll-roll manufacturing and ink-jet 
printing and also low-cost solar energy production; the basic polymer solar cell active 
layer requires thorough investigation.  The polymer solar cell architecture is different 
from the conventional inorganic solar cell one. The inorganic solar cells typically 
comprise of intrinsic absorber layer sandwiched between efficient ohmic contacts to 
electrons and holes. However in polymer solar cells, the conjugated polymer, which is 
typically an electron donor, and fullerene, which is an electron acceptor, are intermixed to 
form 3D bulk heterojunction. Due to nature of Highest Occupied Molecular Orbital 
(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) levels in the conjugated 
polymer and fullerenes, the interface between them generally leads to a type-II 
heterojunction. The presence of such type-II heterojunction enables efficient singlet 
exciton dissociation from the LUMO energy offset present at the interface. This 
ingenious way of blending polymer and fullerene molecules to create a 3D bulk-
heterojunction architecture has led to dramatic increase of power conversion efficiency 
(PCE) when compared to planar bilayer polymer–fullerene solar cells. Respectable 
2 
 
 
  
efficiencies close to 4-5 % have been achieved in early 2000’s using poly(3-
hexylthiophene) (P3HT): [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) system.
3, 4
 
P3HT is semi-crystalline polymer which exhibits microstructural changes corresponding 
to packing and orientation of the chains inside the blend. However, P3HT has a high 
band-gap of 2 eV whose wavelength absorption range lies in the 400-650 nm range. Thus 
to utilize lower energies or higher wavelengths, lower band-gap polymers are important. 
To tackle this problem of incomplete photon harvesting, lower band-gap polymers have 
been developed: such as poly[N - 9′-hepta-decanyl-2,7-carbazole- alt-5,5-(4′,7′-di-2-
thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT), which had to efficiencies around 6% ,5-9 
and poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-
[(2-ethylhexyl)carbonyl] thieno[3,4-b]thiophenediyl]] (PTB7), which has led to 
efficiencies around 9%.
10
 Tandem architectures, both in parallel and series connection 
with sub-cells consisting of polymer-fullerene layers with complementary absorption 
were introduced and they showed promising PCEs in the range of 10.5%.
11-14
 
              In polymer solar cells, photo-absorption does not readily generate free electron-
hole pairs. Instead, they are coulombically bound electron-hole pairs known as frenkel 
excitons. Due to low dielectric constant of polymers, such excitons created primarily in 
polymer domains have to be dissociated for collection of charge at respective electrodes. 
However, such excitons suffer from low exciton diffusion length in the range of 10-20 
nm. Hence phase separation for polymer and fullerene entities in the range of 10-20 nm 
or less is essential to have successful exciton dissociation. 
3 
 
 
  
              The exciton dissociation leads to free electron on acceptor side and free hole on 
polymer side, which are then transported through respective domains to the external 
contacts via continuous pathways. The fullerenes which are generally electron acceptors 
are chemically modified to a polymerized derivative PCBM having better miscibility in 
organic solvents such as 1,2-dichlorobenzene, chlorobenzene, etc. Novel 
inorganic/organic hybrid solar cells have been explored to avail advantages offered by 
each of these materials complementary to each other.   Hybridization of conjugated 
polymers with inorganic semiconductors such as TiO2, ZnO, CdSe, and Si has been 
conceptualized. Several such hybrid solar cells with 3D bulk-heterojunction or bilayer 
architecture have been reported in literature. 
15-22
  Some of the complementary attributes 
of both inorganic and organic semiconductors have been listed here. Firstly, inorganic 
semiconductors, due to their higher dielectric constant result in lower exciton binding 
energy (few meV) when compared to organic semiconductors (~ 100meV). Charge 
transport through inorganic semiconductors by band-transport is faster when compared 
charge delocalization by hopping between neighboring localized states on adjacent 
polymer chains.  Due to gaussian nature in absorption characteristics observed in 
conjugated polymers, they have limited absorption range in the visible spectrum when 
compared to inorganic semiconductors. However conjugated polymers possess high 
absorption coefficients (~10
7
cm
-1
) resulting in greater absorption of longer wavelengths 
when compared to lower optical densities of inorganic semiconductors. This enables the 
polymers to absorb peak wavelengths in the visible region just for thickness around 100 
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nm. However as thickness of organic layer increases, bulk resistance increases and leads 
to poorer charge transport owing to a charge recombination. To alleviate this problem of 
thickness, textured substrates and superstrates such as 2D gratings, V-notch structures, 
microlenses etc. have been used to increase the path length of the reflected or diffracted 
light into the active layer.
23-25
  
Conjugated polymers and small molecules have very poor stability in the presence 
of humidity or oxygen. Especially in the presence of light, oxygen reacts with the 
conjugated back-bone leading to severe degradation leading to the formation of several 
recombination centers within the donor-acceptor interface. The dissociation of singlet 
excitons at the interface is succeeded by the formation of even lower energy state at the 
interface called Charge Transfer (CT) state, which can either convert to free charges or 
undergo non-germinate recombination or interface trap assisted recombination. 
The basic device physics governing the behavior of an organic bulk 
heterojunction solar cell is slightly different from that of conventional organic solar cells. 
As a result, the 3D arrangement of the donor and acceptor domains, or their 
nanomorphology is very critical for the performance. Nanomorphological alignment of 
polymer chains around fullerene molecules is responsible for extracting more charges 
from a given absorbed photon at a particular wavelength. If this nanoscale level phase 
separation is not optimal, then most of the absorbed photons are not effectively harvested. 
This implies that despite the formation of excitons, finite lifetime would lead to decay by 
germinate recombination if sufficient energy is not provided to split up the bound pair. 
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On the other hand, transport of charges requires coarseness of domains within the 
nanomorphology, and thus there is a trade-off between the requirements for efficiency 
charge separation and efficient transport. 
    The general principle involved in the working of organic solar cells is primarily 
governed by seven different mechanisms in sequence. These steps in succession are very 
essential to the efficient performance of organic solar cells. These steps are: 
1. Photon coupling through transparent substrate such as glass or quartz is required 
to ensure maximum absorption in the active layer. The transparent substrate 
should have minimal absorption characteristics in the visible wavelength range. 
The refractive index mismatch at the air-substrate interface should be as minimum 
as possible to have maximum transmission. Due to the refractive index similarity 
between glass substrate, transparent conducting oxide and organic active layer, 
thicknesses should be optimized for each of the layers in the stack to minimize 
reflection losses. To ensure improved absorption properties at all the wavelengths 
and at different incidence angles, periodic structures such as diffraction gratings 
can be implemented. 
2. With reflection losses being reduced, it is important to deliver as much energy as 
possible into the active layer for absorption and photogeneration. The absorption 
of the material is closely related to electric field (E) and the intensity of light (I) is 
proportional to |E|
2
. It is also important that materials have their absorption 
coefficients maximum in the intended spectrum of choice (visible-NIR).  
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3. Photo-excitation in the organic layer leads to the formation of electrically neutral 
coulombically bound electron-hole pair. This particular entity is referred to as 
exciton and more precisely it is singlet in nature.  Since the dielectric permittivity 
of the organic layer is very low (εr = 3) when compared to inorganic 
semiconductors (εr ~ 11 in silicon), the exciton binding energy is very high when 
compared to room temperature energy.  
4. Exciton once formed possesses a finite lifetime of few nanoseconds and undergo 
decay by remission in the same material or dissociation to give rise to free charge 
carriers. The second process dissociation is beneficial for the working of solar 
cells and this is only possible if the exciton migrates to the interface. Given that 
exciton has a very low diffusion length ~ 10nm, it is important that the phase 
separation between donor-acceptor materials is in the similar order.  
5. For exciton dissociation, enough electric field is required to overcome the binding 
energy of the exciton. The offset provided by the difference in electron affinities 
(LUMO levels) at the interface is energetically favorable to cause exciton 
dissociation. However even after dissociation, the electron-hole pair (charge 
transfer state –CT) can be still coulombically bound if sufficient electric field is 
not provided to sweep the dissociated charges. 
6. The free charges must be transported through respective materials to the 
electrodes for the collection of photocurrent. However, since electron and holes 
have different mobilities, effective photocurrent can be lower than expected. 
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Moreover charge trapping can severely reduce photocurrent and to avoid such 
losses, thin active layer is preferable to have built-in electric field aid in transport 
of charges. But this lowering of thickness can compromise the optical absorption, 
which is directly proportional to the active layer thickness. 
7. Once the charges reach the electrodes, depending on the nature of contact (ohmic 
or schottky), electrode geometry and interface formation ability, either 
recombination or charge collection into the external load takes place. 
The combination of all the above seven processes governs the overall operation and 
efficiency of the organic bulk-heterojunction solar cells. Given below is a overall 
schematic of the processes occurring inside an organic photovoltaic device.  
 
 
Fig. 1.1 Steps in sequence governing photocurrent generation in an organic solar cell.26 
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Each successive step is associated with power generation that collectively defines the 
efficiency of the solar cell. The external quantum efficiency (EQE) is the product of the 
efficiencies in each of the four processes.26, 27  
                     EQE(λ) = ηA(λ) × ηED× ηCT× ηCC 
ηA(λ) is the efficiency of photo-absorption per wavelength and proportional to product of 
valence band (HOMO) and conduction band (LUMO) density of states (DOS). In the 
exciton dissociation (ηED) step, if the singlet exciton’s diffusion distance to donor-
acceptor interface is greater than its exciton diffusion length (typically 10 nm), the pair 
undergoes germinate recombination. The factor ηCT corresponds to the intermediate 
charge transfer state where the dissociated electron-hole pair may recombine either non-
germinately or via interface trap states. Finally, after the separation of charge transfer 
states by the necessary built-in electric field, the free charge carriers can recombine in 
bimolecular fashion, either at the interface or in the bulk, which further reduces the 
charge collection capability. ηCC is also dependent on the nature of the barrier at either of 
the electrode interface that might inhibit the efficient charge collection. 
27
 
            The motivation for exploring the role of low-boiling-point solvent additives was 
primarily derived from the following two projects that involved understanding the role of 
solute additives and processing conditions on the efficiency of organic solar cells: 
1. The first project dealt with understanding the role of growth conditions on the 
performance of the organic solar cells.
28
 Most common solution processing technique of 
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spin-coating method is generally used to fabricate these polymer solar cells. But to 
quantify the performance of solar cell with spin-coating conditions, the role of defect 
states such as mid-gap traps was introduced. Going from a slow grown film to faster 
grown film, the photocurrent decreased from 12mA/cm
2
 to 4mA/cm
2
. The decrease in FF 
from 50% to 27% indicated to contribution of defects and recombination mechanisms 
such as bimolecular and trap-controlled processes. Bimolecular recombination is the 
dominant recombination mechanism for non-germinate free charge carriers in organic 
solar cells which have trap-free transport in both donor and acceptor domains. The rate of 
bimolecular recombination is given by the following equation 
                                                                        ...............................… (1) 
Where n and p are free electron and hole concentrations, ni and pi are intrinsic electron 
and hole concentrations, and γ is the Langevin recombination constant.29 However, there 
exists another recombination mechanism occurring through the presence of several defect 
states present at the interface. These defects arise from the tilting of side chains, and 
twisting of the polymer backbone at the interface with fullerene molecule. Since the 
organic active layer is primarily amorphous in nature, these defect states are distributed 
along the bandgap from the band edges (tail states) to band center (mid-gap states).
30
 
These defects present at the interface, trap either free electron or hole in acceptor or 
donor domains, respectively. These trapped charges show probability of recombination 
with opposite charge carriers unless they escape to transport band. This loss of both the 
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charge carriers via trap states is determined by recombination rate given by Shockley-
Read-Hall (SRH) equation  
      
               
[                 ]
              
Cn and Cp are the capture coefficients of electrons and holes respectively, n and p are the 
electron density in the conduction band and the hole density in valence band respectively,  
p1n1=NcNvexp[−(Ec−Ev)/kT]=ni
2
, with ni the intrinsic carrier concentration in the sample 
and Nt is the density of interface traps.
31, 32
 This trap-assisted recombination process adds 
to the Langevin (bimolecular) recombination, contributing to loss mechanisms in BHJ 
organic solar cells. By using capacitance-frequency techniques and capacitance-voltage 
measurements, a change in order of magnitude in trap density of states is observed 
between slow-grown (~ 10
15
 /cm
3
) and fast-grown (~ 10
16
 /cm
3
) films. 
 Hence this slow grown film dries in considerable amount of time enabling the 
self-organization of P3HT chains in the blend to form an ordered structure with minimal 
morphological defects. However, in case of fast grown film, freezing of highly disordered 
morphological environment for P3HT chains leads to higher defects. Langevin 
recombination is promoted in fast grown film due to lower hole mobility and leads to 
unbalanced charge transport. As more holes are trapped at the interface, trap-assisted 
interfacial recombination leads to further decrease of performance due to higher trap 
density.  One of the ways to lower drying times of polymer blend films is by either spin-
coating thicker films or using an additive which lower the evaporation time of the 
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solvent. Motivation was to explore and utilize other high boiling point (bp) additives and 
compare with low boiling point (bp) to control the drying times. Higher bp solvent 
additives used in smaller quantities should lead to slower drying rate for the wet film and 
polymer chains and fullerene molecules would self-order to form a nanomorphology 
favorable for better photovoltaic performances. 
                          
Fig.1.2. Density of defect states as a function of the energy with respect to the P3HT 
HOMO level( E−EHOMO) for Device A( slow grown), Device B ( moderate grown) and 
Device C ( fast grown). 
2. The second project dealt with introduction of ferroelectric dipoles dispersed throughout 
the blend uniformly for enhanced singlet and CT exciton dissociation.
33
 By introduction 
of ferroelectric polymer (P(VDF_TrFE) as a dopant, localized improvement in electric 
fields is obtained leading to 50% improvement in efficiencies and 100% increase in 
internal quantum efficiencies (IQE) for certain wavelengths. However, the introduction of 
P(VDF_TrFE) in P3HT:PCBM blends requires a solvent which is compatible with both 
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P(VDF_TrFE) and 1,2-Dichlorobenzene. Tetrahydrafuran (THF) is a solvent which 
completely dissolves P(VDF_TrFE) at room temperature and can be stirred with the 
P3HT:PCBM blend solution. However further research involved the use of N-methyl 
pyrollidine (NMP), a high bp solvent for the dissolution of P(VDF_TrFE). Given the 
nature of various solvent additives that were used to dissolve P(VDF_TrFE), it was  
important to study the role of just these solvent additives on the performance of reference 
organic solar cells. High boiling point additives such as NMP have preferential 
dissolution for PCBM and lead to morphological re-arrangement of polymer and 
fullerene domains to enable to efficient charge transport.
34
 This was another reason to 
investigate the role of solvent additives and especially the role of boiling point on 
morphology of BHJ organic solar cells.  
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CHAPTER 2: CHARACTERIZATION TECHNIQUES  
2.1 Current voltage measurements in light for solar cells       
One of the primary and basic measurements for solar cells is to subject the device to 
illumination and then apply voltage to measure current in the 3
rd
 and 4
th
 quadrant. When 
light of certain intensity is incident upon a p-n junction diode, excess electron-hole pairs 
are created which are separated by the built-in electric field. Excess electrons created on 
n-side and holes on p-side lead to splitting up of quasi-fermi-levels which lead to 
formation of built-in potential. However, as excess charge carriers are created, the barrier 
height decreases thereby allowing forward diffusion of charge carriers referred to as dark 
current. At open circuit condition, the external forward bias voltage is applied wherein 
the photo-generated current is exactly equal to the recombination current. Therefore at 
open circuit conditions, no current flows through the outer circuit with both the currents 
being opposite to each other’s flow. In the short circuit condition, however, the excess 
charge carriers are swept to the outer circuit leading to short circuit current (Isc) at zero 
voltage. Hence, short circuit condition is complementary to that of open circuit voltage 
condition and very important performance metrics to indicate the efficiency of a solar 
cell. Another metric fill factor (FF) indicates the efficacy of charge transport and 
collection and this can be estimated by the ratio of maximum power and the product of 
Voc and Isc. The efficiency of any solar cell can be calculated in the following way:  
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 (Voc  × Isc  × FF )/ Pin…………………………………….(3) 
  Pin is the incident optical power of 100 mW/cm
2
 for AM 1.5 solar spectrum.  
    
                                         
 Figure 2.1.1 Current density –voltage measurements in the presence of illumination at 
AM 1.5G conditions. Various parameters are represented in the form of band-diagrams. 
 For the purpose of measuring organic solar cells, parts such as Keithley 236 
precision current meter along with light source (ELH or Xenon Arc Lamp) is used. For 
ELH as well as Xenon arc lamp calibration purposes, a crystalline silicon solar cell with a 
known current value in 1 sun intensity is used. In BHJ organic solar cells, Jsc is dependent 
on several factors such as the thickness of the active layer, morphology, recombination 
and charge carrier mobilities. For sufficient absorption of light, active layer has to be 
thick but as thickness increases, the electric field across the film decreases thereby 
lowering the charge collection and Jsc. The nanomorphology consisting of 
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interpenetrating domains of polymer and fullerene plays an important role in exciton 
dissociation and charge transport. Finer phase separation leads to efficient exciton 
dissociation, however, if free charges don’t find interconnecting pathways, then they 
would undergo non-germinate recombination at the interface. Coarser the phase 
separation (crystalline domains), lesser excitons are dissociated efficiently but photo-
absorption and charge transport properties are better than finer morphology (amorphous). 
The non-germinate recombination of free charges at the interface of polymer and 
fullerene via trap states also decreases the Jsc to a great extent.  The extent of charge 
collection is determined by the mobilities of charge carriers after charge separation. If 
mobility of either of the charge carriers is found to be lower than the other, then the 
charge collection for one carrier dominates resulting in lowering of Jsc . Hence, all the 
above factors are very important to consider when designing a BHJ organic solar cell for 
maximum photocurrent.  
          Open circuit voltage (Voc) is considered primarily the difference between LUMO 
of the acceptor and HOMO of the donor at the interface.   The empirical relation for Voc 
of organic solar cells is given  
                                VOC = [|EHOMO donor| − | ELUMO acceptor|]/q − 0.3 eV……………….(4) 
where q is the elementary charge, and 0.3 V results from the temperature dependence of 
the quasi-Fermi-levels in the polymer and fullerene domains.
35-38
  However, Koster et al. 
proposed a new formulation for Voc to account for the non-germinate recombination and 
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photo-absorption effects that are mainly responsible for the generation of Voc.
39
                                
                     
                                           (
  
 
)  (
  
 
)   (
         
  
)                   
where Eg is the energy difference between the HOMO of the electron donor and the 
LUMO of the electron acceptor, q is the elementary charge, k the Boltzmann constant, T 
the temperature, P is the dissociation probability of the electron-hole pairs into free 
carriers, γ is the recombination constant, Nc is the density of states in the conduction 
band, and G is the generation rate of electron-hole pairs and is proportional to the 
intensity of light. Reduction in Voc is observed when either the effective bandgap of the 
polymer-fullerene blend decreases or when there are additional shunt pathways for 
charge carriers to travel to the opposite electrodes. Effective band-gap decreases when 
there is increase in the polymer chain packing leading to enhanced crystallinity, which in 
turn leads to increase in number of states in the HOMO (upward addition of states) and 
LUMO (downward addition of states) bands. This change in band-gap is dependent on 
the processing conditions used and can be observed from the optical absorbance tails at 
higher wavelengths.
40-43
 Alternatively, if a photogenerated charge carrier finds a low 
resistive path instead of the highly resistive junction, it decreases the amount of quasi-
fermi level splitting due to the reduction in charge carrier density in the HOMO and 
LUMO bands. 
   Fill factor (FF) is a measure of squareness of the I-V curve in the fourth quadrant and it 
is given by ratio of maximum power and product of Jsc and Voc. FF is a very important 
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parameter affecting the power conversion efficiency and it is dependent on several 
parameters such as shunt and series resistances, charge carrier mobilities and 
recombination of charge carriers.  High charge carrier mobilities lead to high FF values 
but any mismatch in mobilities would lower the FF. This is because lowering of mobility 
of one type of charge carrier leads to accumulation of the charge carrier in either 
fullerene or polymer domain that would decrease built-in potential affecting the charge 
collection. Presence of traps would lead to recombination of charge carriers leading to 
inefficient charge collection and hence reduction in FF. 
2.2 Current voltage measurements in dark for diode characteristics 
                     
Figure 2.2.1 Comparision between dark current (black) with photocurrent (red).  
Current voltage measurements on a p-n junction diode in dark under forward and reverse 
bias carries a lot of information about the fundamental electronic processes occuring in 
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the bulk and at the junction of the diode. From semilog plot of dark current versus 
voltage (Figure 2.2.1), information about transport mechanism and nature of 
recombination for different voltages can be evaluated. At forward bias, the current 
flowing across the junction is obtained by the recombination of electrons and holes at the 
interface. In the presence of traps, the value of forward bias current increases. The DC 
equivalent circuit of a solar cell can be modeled as a current source in parallel to a diode 
and shunt resistance. A series resistance is also added in order to account for the resistive 
effects at the contacts and in the neutral region of the bulk of the diode as shown in 
Figure 2.2.2.  
 
Figure 2.2.2  DC equivalent circuit of a solar cell 
 
 The typical equation describing the current –voltage relationship for a typical 
solar cell is given below:  
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                       …………………………………………….(6) 
        Where IL, ID, and ISH correspond to light generated current, current flowing across 
the diode and shunt current respectively. RS and RSH correspond to series resistance and 
shunt resistance, respectively.   
The typical dark current voltage plot in fig. 2.2.1 consists of several regions and each 
region has certain information associated with it. In the dark current voltage 
measurements, the entire forward bias current can be categorized into five regions with 
respect to voltage. The low positive voltage regime (V < 0.1V) is called as shunt region 
which has an ohmic dependence. For voltages between 0.2 - 0.4 V, there is an 
exponential dependence up to 0.4V where dark current is proportional to exp(qV/n1KT). 
Here q is the electronic charge and K is the Boltzmann constant, T is the temperature 
(Kelvin) and V is the forward positive voltage. There term n1 corresponds to the diode 
ideality factor of the multilevel trap distributed across the junction region and is close to 
2. At voltages greater than 0.4V, the current has a exp(qV/n2KT) form where n2 is close 
to 1 when dominant mechanism for charge transport is by majority carrier diffusion. At 
even higher voltages, the ohmic nature of the current dominates over exponential region 
as series resistance exercises a major role at higher voltages. By evaluating the value of n 
which typically lies between 1 and 2 , nature of recombination can be estimated which 
serves as a morphology quality indicator .
30
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2.3 Space charge limited current measurements for mobilities 
 
(a)                                                       (b) 
Figure 2.3.1 Schematic of SCLC based (a) Hole only diodes (b) Electron only diodes 
The charge carrier mobility in a device can be evaluated by the Space Charge Limited 
Current method.
44
 In this method, the semiconductor layer is sandwiched between 
electrodes with similar work function. By this method, barrier to one type of charge 
carrier is achieved as seen in Figure 2.3.1; hole only diodes predominantly allow hole 
transport and electron only diodes allow electron transport. These single charge carrier 
diodes exhibit symmetricity in charge transport for either forward or reverse bias 
directions. The origin for SCLC behavior can be deduced by following theory – as the 
voltage is increased from zero, the current increases linearly following ohms law as the 
number of injected charge carriers are less than the resident charge carriers in the diode.  
At a certain voltage called VSCLC , injected charge carrier density equals the resident 
charge carrier density and this is when the current voltage curve deviates from ohmic 
behavior. This deviation from the non-ohmic behavior occurs as a result of non-uniform 
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Fig.2.3.2 J vs V
2
 plot for a hole only diode of P3HT:PCBM BHJ active layer . The red 
region indicates the Mott-Gurney fit to the SCLC region occurring at high forward biases. 
Electric field arising across the active layer due to variable nature of charge 
accumulation. The current increases quadratically with voltage and this particular 
deviation can be fitted using Mott-Gurney law as shown in fig.2.3.2 and by the following 
equation: 
                                              …………………………………………….(7) 
Where J is the current density, εis the relative permittivity of the semiconductor active 
layer, μo is the electric field independent hole mobility, V is the forward voltage and L is 
the thickness of the semiconductor active layer.  
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2.4 Quantum efficiency measurements  
Quantum efficiency (QE) is defined as the ratio of charge carriers collected to the 
incident photon flux. Photon flux incident on active layer gets absorbed depending on the 
band-gap, and absorption coefficient of the active layer corresponding to each 
wavelength. If a photon is absorbed by the active layer and leads to generation of one 
electron-hole pair (EHP), total number of absorbed photons can be evaluated from 
number of EHP. But not all photons absorbed result in 100% collection of charges at 
respective electrodes. After generation of EHPs, several loss mechanisms such as band-
band recombination, SRH recombination, lower mobilities, etc. lead to reduction in 
charge collection which in turn reduces the QE. There are two kinds of QE 
representation: (1) External Quantum Efficiency (EQE) and (2) Internal Quantum 
Efficiency (IQE). The difference between EQE and IQE is the number of photons 
actually absorbed in the active layer that IQE considers when compared to EQE where 
incident photons on the device is considered. Thus IQE more specifically is defined as 
the ratio of total number of charge carriers collected at the contact to the number of 
absorbed photons considering the reflection at the contact. Therefore, IQE is always 
greater than EQE as photons incident on active layer are larger in number than the 
absorbed photons.  
The expression of EQE is given as follows: 
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    …………………………………...(8) 
where Abs EQE is the absolute measure of EQE which is evaluated from above 
expression in comparison to normalized number-Ref EQE. The normalized EQE can be 
obtained by the following measurement apparatus. The device architecture for organic 
solar cells enables bottom illumination as the active layers are deposited on a transparent 
conducting substrate as shown in Figure 2.4.1 below. 
 
 
 
 
 
 
 
 
 
 
Figure 2.4.1 Schematic of EQE measurement apparatus  
  
 Photon flux for certain wavelength is obtained from a light source in combination 
with monochromator which has a diffraction grating structure to switch wavelengths by 
changing the spacing between the periodic grating structures. However, noise is a big 
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factor in optical signal and to remove this DC component from the AC signal, a suitable 
chopper of low frequency (13 Hz) is used for measuring just the photo-generated charge 
carrier. To isolate higher order harmonics produced by the grating structure in 
monochromator, neutral density filters at 580 nm, 700 nm, 900 nm and 1200nm are used. 
Especially the noise associated with longer wavelengths is removed and for wavelengths 
below 580nm, a low pass filter; between 580nm and 700nm no filters are used; and for 
higher wavelengths above 700nm a high band-pass filter is used until 900nm.   
 
(a)                                                            (b) 
Figure 2.4.2  EQE of devices with (a) zero bias (b) external DC bias of -0.5V.
45
 
              For P3HT:PCBM based and other BHJ systems, the wavelengths of interest 
generally lie in 400-800 nm range. One of the most important components of EQE set-up 
is the external DC bias light which is applied on an amorphous semiconductor to fix the 
quasi-fermi levels. Without such DC bias light, various wavelengths would have the 
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quasi-fermi levels fixed at different positions leading to charge carrier manipulation from 
trap levels. DC bias light with high intensity saturates the trap states, hence enabling a 
measurement of low level AC signal at different wavelengths. To capture the necessary 
input ac light signal and convert into the corresponding output electrical signal, a lock-in-
amplifier is used.  To align the path of light and focus the light from the monochromator 
onto the sample, lens and mirrors form essential optical components of the EQE system. 
Care should be taken such that these lenses and mirrors do not show any variation in 
transmittance and reflectivity. Otherwise a fudge factor has to be introduced to account 
for any repeatable variances. Pre-amplifier enhances the low AC signal obtained from the 
device in the order of few nano to pico amperes to higher orders of magnitude. 
Crystalline silicon solar cell with known area and EQE is used as a reference to calibrate 
the EQE spectra. DC bias is also applied during EQE measurements to characterize if the 
device suffers from hole or electron collection problems. 
2.5 Capacitance-voltage measurements 
Generally traps are distributed through the band-gap of semiconductor material and to 
evaluate their density, capacitance based measurements are widely employed.
46
 In the 
capacitance-voltage characterization, one examines depletion capacitance at the junction 
of a normal p-n junction diode, or a Schottky junction at the metal –organic interface in 
organic solar cells.
47, 48
 The depletion layer formed between the bulk organic layer and 
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metal contact, which acts as a parallel plate capacitor separated by opposite charges. The 
depletion capacitance is given by the following equation. 
                                 ……...…. (9)        
                                   (
 
 
)
 
 (
         
       
)                   ….… (10) 
Where C is the depletion capacitance, εr is the relative permittivity associated with the 
active layer, A is the effective area of interest, Na is the total dopant density that includes 
both acceptor and trap density, Vbi is the flat-band voltage and V is the DC bias applied. 
The depletion width w can be changes by applying DC bias corresponding to a certain 
frequency to sweep the response of the capacitance with each sub-bandgap level. By 
plotting 1/C
2 
vs V, we can estimate the dopant density and Vbi  for a device with schottky 
junction as per equations 8 and 9.  
                                                
Figure 2.5.1 Typical Mott-Schottky curve for a BHJ solar cell. 
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From Figure 2.5.1 we can observe that in the forward bias region, the intercept of 
the straight line with the voltage axis gives the estimation of Vbi and the slope of the line 
gives the dopant density Na, which is the hole concentration since conjugated polymers 
are generally and unintentionally p-doped.  As the bias is extended into the reverse bias 
direction, the depletion width w increases and capacitance (1/C
2
) saturates as the entire 
layer is depleted. To probe the dopant states, higher frequencies are sufficient as these 
states lie just below the band-edges and are shallow in nature. However, to probe even 
deeper states at about 0.5 kT energetic location away from the band-edges, lower 
frequencies are required. This is because for the small ac signal at low frequencies, the 
deeper states find enough time to respond to the ac perturbation of the states. This is not 
possible at high frequencies as the re-emission of charge carrier from trap states is a slow 
process. Hence in our experiments, the probe frequency was varied from 1 kHz – 1 MHz 
to evaluate variation in response from shallow states to deep states to band-edges.
49
  
2.6 Capacitance-frequency measurements 
Capacitance-frequency plot of a BHJ organic solar cell is a representative of the response 
of the sub-bandgap states with respect to small signal input frequency. Energetic location 
of the defect state and density of defect states (DOS) can be estimated in inorganic and 
organic semiconductors.
48, 50
 When a small ac signal is applied to the device, the traps 
(defects) are filled with charge carrier at a certain instance, and de-trapping (re-emission) 
of charge carrier into the transport band depends on the energetic location of the defect. 
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Remission process is faster for shallower defect states, and slower for the deeper defect 
states in the forbidden energy gap of the semiconductor. This is depicted in Figure 2.6.1.  
                 
Figure 2.6.1. Typical response of the trap to small signal excitation (frequency) in 
capacitance-frequency measurements. 
                   
Figure 2.6.2. Capacitance-frequency curve is shown in blue, and derivative of 
capacitance with respect to frequency is shown in black.  
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Capacitance is the differential of charge with respect to AC voltage. Change in charge 
carrying capacity with input ac signal is generally estimated for frequencies varying from 
as low as 0.01 Hz to 1 MHz as shown in Figure 2.6.2.  The density of defect states is 
given by the following expression. 
                                 …………………………………... (11)         
Where gt(Eω) corresponds to defect density of states at that particular demarcation energy 
level Eω  given by the following relationship 
                      Eω = KT ln (ω/ωo) (Eω = E –EHOMO) ………………………………. …...(12) 
Eω is the hypothetical energy level below which all the traps respond in case of p-type 
semiconductors like P3HT and it is the energetic position of trap compared to the HOMO 
level of P3HT.  Vfb is built-in potential, ω is the input ac perturbation and ωo is the 
attempt-to-escape frequency of the material. By altering the demarcation level with 
varying input ac signal, the contribution of traps to junction capacitance varies. The 
obtained curve from the derivative of capacitance with frequency is used to estimate the 
defect density of states gt(Eω).   The plot of gt(Eω) versus Eω is fitted with a guassian 
expression given below to estimate the trap density (nt)  
                                              ..........................................(13) 
30 
 
 
  
 2.7 Atomic force microscopy measurements 
                           
Fig. 2.7.1. Schematic of AFM set-up in tapping mode. 
Atomic Force Microscopy (AFM) is a sensitive measurement technique to characterize 
the surface morphology of polymer-fullerene solar cells. Tapping mode AFM was used to 
obtain AFM height, amplitude and phase images which provide an idea about surface 
roughness, crystallinity and qualitative nature of phase seperation. AFM technique has 
been employed successfully to estimate the thicknesses of the active layer via scratch 
technique. Typical difference in 3D height images for different morphologies and surface 
roughness is shown in fig. 2.7.2 below.
 
Fig.2.7.2 3D height images of P3HT:PCBM films grown at different conditions (a) slow 
(b) moderate and (c) fast-grown.
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CHAPTER 3: NANOMORPHOLOGY CONTROL  
3.1 Introduction 
Diminishing fossil fuel supplies, increasing energy demand, and growing concerns of 
carbon emission coupled with the need to acquire energy independence have spurred 
extensive research in alternative energy sources. In this global search, converting solar 
energy into electricity has been the target of many research groups in both industry 
and academia. Within the solar energy realm, organic photovoltaic cells (OPVs) are 
considered to be one of the most promising fields, owing to their low material and 
fabrication costs, mechanical flexibility, light weight, ease of processing, and roll-to-
roll production capability. Recently, OPV research has seen tremendous ascent, with 
efficiencies exceeding 7% in academia and 9% in industry
51, 52
. However, to achieve 
the Shockley-Queisser theoretical limit, ηSQ ≈ 21%, 
53
, much scope is left to explore.  
The first notable OPV devices were reported in the late 1970’s and comprised a 
single layer of semiconducting polymer sandwiched between two metal electrodes of 
different work functions. Although power conversion efficiencies (PCEs) were much less 
than 1% 
54, 55
, this marked the advent of extensive research in the OPV field. One of the 
first major breakthroughs came in 1986, as Tang et al. introduced the bilayer structure 
that used an acceptor (a perylene tetracarboxylic derivative) stacked on top of a donor 
(copper phthalocyanine) and touted an efficiency of about 1% 
56
. When light is incident 
on an OPV device, photons are absorbed in the donor polymer and coulombically bound 
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electron-hole pairs, called excitons, are generated. Unlike their inorganic counterparts, 
organic semiconductors have the disadvantage of a low relative permittivity (around 3), 
which causes the exciton binding energies (0.2 – 0.7eV) to be more than an order of 
magnitude higher than the thermal energy at room temperature. As a result, exciton 
diffusion must take place to an interface, where band offsets can assist with excition 
dissociation into free carriers. Thereafter, the electric field generated by difference 
between the work-functions of electrodes sweeps the free charges through the donor 
(holes) and acceptor (electrons) to the anode (holes) and cathode (electrons) where they 
can be stored or used to do electrical work on an external system. When compared to 
single layer OPVs, which contain dissociation interfaces only at the electrode/polymer 
junctions, Tang’s bilayer structure (Figure 3.1a) introduces a new interface between 
donor and acceptor entities to dissociate more excitons and improve overall efficiency.  
 
                                                 
 
Figure 3.1: Schematic of organic photovoltaic (a) bilayer and (b) bulk-heterojunction 
architectures. 
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The bilayer structure marked an important breakthrough, but a major limitation 
still existed: excitons are created across the entire bulk of the organic semiconducting 
layer, but only those within ca. 10nm of an interface will be dissociated. Further, to 
absorb a large majority of incident photons, the semiconductor layer must be at least 100 
nm thick. Thus, a fundamental bottleneck exists: the active material must be thick for 
high absorbance, but thin for a high probability of exciton dissociation. To address this 
issue, a revolutionary development then came in the mid-1990s with the demonstration of 
a dispersed bulk heterojunction (BHJ) architecture 
57, 58
. Here, the acceptor and donor 
materials are blended together to create an interpenetrating network with a thickness 
sufficient for photon absorption and a phase separation nearing the exciton diffusion 
length (Figure 3.1b). Since its inception, nearly all groups working with solution 
processable OPVs have adopted the BHJ structure and many studies have closely linked 
its performance to the active layer morphology – that is, the degree of horizontal and 
vertical phase-separation (between the donor and acceptor), as well as, the grain size and 
crystallinity of the composite materials. Because most as-cast BHJ systems are not 
completely optimized, several important limitations exist. First, it is well known that the 
active-layer of the disordered BHJ architecture has a tendency to produce cul-de-sacs (i.e. 
dead-ends) in the charge transport pathways. These regions can act as sources of charge 
loss either in the form of recombination centers or space charge centers leading to 
undesirable distortion of electric field in the active layer. Secondly, some BHJ based cells 
(depending on materials and solvents used) have been shown to suffer from the formation 
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of an undesirable vertical phase separation (i.e. too much donor near the cathode or too 
much acceptor near the anode). These regions can act as tunnel barriers, blocking charge 
collection at the electrode; or as shunt pathways between anode and cathode. Lastly, 
many reports have found the formation of too small (or too large) material domains in the 
BHJ structure. These regions can greatly impede charge mobilities (small grain 
formation) or greatly impede exciton dissociation (large grain formation). In summary, an 
un-optimized morphology can lead to greater recombination losses, higher series 
resistances, and limited fill-factors in these devices 
59
. To overcome, careful manipulation 
of phase separation and grain formation must be used to achieve the best molecular order 
in the BHJ OPVs. As a result, many reports on methods to control and improve the 
nanomorphology of the BHJ active layer have surfaced within the last 5-10 years. Herein, 
we compile the OPV community’s knowledge-to-date on BHJ self-organization by 
various processes, including post-production thermal annealing, mid-production thermal 
annealing, slow-growth-solvent annealing, vapor annealing, and solvent additives.  
3.2 Thermal annealing 
In improving OPV morphology, thermal annealing (TA) is widely employed as a primary 
strategy. TA is a well-known metallurgical technique that is, among other things, 
commonly used for the strengthening, crystallization, and lattice repair of many metals 
and inorganic semiconductors. Much the same for organic semiconductors, a report in 
1995 shows that when a polythiophene (such as P3HT) is annealed at temperatures 
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greater than its glass-transition temperature, an enhanced crystallization is noticed 
60
. 
Thus, to improve active layer crystallization, this process has been applied during BHJ 
OPV fabrication in both a post-production (i.e. after cathode deposition) and mid-
production (i.e. immediately after spin coating) technique. Reports as early as 2000 and 
2002 began utilizing thermal annealing on distributed heterojunction based cells in an 
effort to improve conversion efficiencies 
61-63
. 
                                     
 Figure 3.1.1: External quantum efficiency (IPCE) of P3HT-PCBM solar cells: as-
produced solar cell (open triangles), annealed solar cell (open squares), and cell 
simultaneously treated by annealing and applying an external voltage (filled circles).  
 
One of the pioneering BHJ annealing reports came in 2003, when Padinger et al. 
presented a novel post-production treatment in which both heat and direct current (DC) 
bias were applied 
64
. The group reports an as-cast efficiency of only 0.4% for 
P3HT:PCBM based BHJs at a 1:2 weight ratio. However, after a 75°C, 2.7 V treatment, 
efficiency improves to 3.5% - a nearly 9 fold enhancement. Interestingly, cells treated 
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without the DC bias (i.e. thermal annealing only) increased only 6 fold to 2.5%; the 
difference being imputed to the applied bias burning out parasitic shunt paths. The 
external quantum efficiency of both treated cells showed slight red shift and definite 
formation of vibronic peaks (Figure 3.1.1); both of which are indicative of better 
crystallinity in the polymer layer. Following Padinger’s work, Chirvase et al. further 
investigated post-production annealing on a P3HT:PCBM systems of varying PCBM 
concentrations (namely, 1:.07, 1:.08, 1:.09, 1:1, 1:1.5, 1:2, and 1:3) treated at 130ºC for 
20s 
65
. Here, the authors reported a significant enhancement in short circuit current and 
external quantum efficiency (EQE) upon thermal treatment, regardless of PCBM loading. 
Also in 2004, Hoppe et al. included annealing effects in their modeling of optical 
absorption in conjugated BHJ cells 
66
. Here, from optical considerations, the authors 
predicted currents of 6.34 mA/cm
2 
(as-cast), 8.42 mA/cm
2
 (thermally annealed), and 9.02 
mA/cm
2
 (thermally annealed and biased). Comparing these numbers to the external 
quantum efficiencies (EQE) of Padinger’s 2003 work, Hoppe asserted optical effects 
alone may account for up 40% of the improved device efficiency. 
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Figure 3.1.2: Bright-field (BF) TEM images of 1:1 PCBM:P3HT composite film in 
pristine condition (A), after thermal annealing at 80ºC (B), and after thermal annealing at 
130ºC (C). The inserts are the corresponding selected-area electron diffraction (SAED) 
patterns.  
In 2005, Savenije et al. then applied mid-production TA to P3HT:PCBM BHJ 
based cells and studied its influence on the morphological and photoconductive device 
properties 
67
. After annealing at 80ºC, the active layer was shown to form more 
crystalline fibrils of P3HT (Figure 3.1.2). These fibrils are due to higher order packing of 
the polymer chains, resulting in a homogeneous distribution of P3HT crystals 
67
. Further, 
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the increased packing was shown to lead to higher charge mobility, with hole mobility 
increasing from 0.0056 cm
2
 Vs
-1
 to 0.044 cm
2
 Vs
-1 
after thermal annealing. It is 
interesting to note that the authors quote ‘extreme phase separation’ at higher annealing 
temperatures (ca. 130°C), with crystals reaching the micrometer regime. Also in 2005, 
Kim et al. extended TA studies and included a comparison of both annealing temperature 
(25-225ºC, increments of 25ºC) and solvent choice (chlorobenzene (CB) and di-
chlorobenzene (DCB)) on a P3HT:PCBM 1:1 BHJ system 
68
. Devices cast from CB and 
annealed at 140ºC (ca. 30ºC above P3HT glass-transition) produced the most efficient 
cells (ca. 3%) in this study. In a similar study, Reyes-Reyes et al. study the effects of 
thermal annealing on what the authors call an optimally loaded P3HT:PCBM system – 
that is, P3HT:PCBM in a 1:0.8 weight ratio 
69
. A short annealing treatment of 155ºC, in 
conjunction with optimal PCBM weight, produced cells nearing 5.0% efficiency. Next, 
Erb et al. gave an in depth study relating TA to active layer crystallinity, confirming 
earlier reports and adding much detail 
70
. The group reported that the annealing of 
P3HT:PCBM thin films leads to the formation of P3HT crystallites, such that, P3HT 
main chains orient parallel, and their side chains perpendicular, to the substrate. 
Again in 2005, while attempting to optimize a 1:1 weight ratio P3HT:PCBM 
based system, Li et al. found the TA conditions to be of upmost importance to device 
efficiency
71
. After optimization, the group demonstrated a 4.0% efficient device. 
Ultraviolet-visible absorption spectroscopy (UV-vis) and atomic force microscopy 
(AFM) were used to explain the effect of thermal annealing. The UV-vis absorption 
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spectra showed a redshift after post-production annealing at temperatures spanning 70 to 
100ºC with times from 4 to 40mins. This shift was imputed to an increased interchain 
interaction among P3HT chains, which results in more delocalized conjugated π 
electrons. This delocalization lowers the band gap between π and π*, which leads to the 
observed red shift. Analogously, this is to say a more crystalline film is formed after 
annealing, again supporting Padinger’s and Savenije’s original reports. AFM images 
show the active layer surface becoming rougher while increasing the TA temperature 
from 70°C to 110°C, then less rough for temperatures from 110°C to 150°C. Further, 
PCEs followed a similar trend with 110°C producing the best devices and 150°C 
producing the worst (aside from as-cast). From this, the authors assert an interesting 
relation between performance and morphology – higher roughness films lead to higher 
OPV efficiencies. Following this work, Ma et al. achieve PCEs again approaching 5% 
with the model P3HT:PCBM based BHJ architecture 
72
. The authors fully attribute their 
enhanced performance to changes induced by a 150ºC, post-production heat treatment. 
In 2006, Mihailetchi et al. further investigated the effects of TA on charge carrier 
mobility 
73
. Here, P3HT:PCBM (1:1 by weight) based BHJ devices were post-production 
annealed for 4 min at both 70 and 120°C. This report found improved mobility to be the 
most important aspect leading to efficiency enhancements. Hole mobility was discerned 
to have a more significant annealing enhancement (10
-11 
m
2
 Vs
-1 
to 10
-8
 m
2
 Vs
-1
) than the 
electron mobility (from ca. 10
-8 
to 10
-7
 m
2
 Vs
-1
), indicating that the stacking of P3HT 
domains is affected more greatly than that of the PCBM domains. Another study in 2006 
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systematically studies different P3HT:PCBM blend ratios in conjunction with various TA 
conditions 
74
. Here, the authors report a dependence of crystallization kinetics on 
temperature/duration. At short (<5min), low (75-100ºC) TA conditions, P3HT 
crystallizes; while at increasing times and temperatures, needlelike PCBM aggregates (up 
to 100µm in size) form. 
In the following year, a work by Nguyen et al. presented a comparative study on 
the effects involved in the annealing process on poly-(3-alkylthiophene)s (P3ATs) of 
differing side-chain lengths 
75
. The authors found that, for each P3AT:PCBM blend, 
annealing parameters (i.e. temperature and time) need to specifically optimized. For 
example, P3DT performed best with a 75ºC, 5min treatment, while P3BT preferred 
160ºC for 30s. Further, the group proposes two main morphological changes during 
thermal annealing: (i) the enhancement of polymer crystallization (leading to improved 
absorption and hole mobility) and (ii) the diffusion of PCBM (leading to an increased 
phase separation); supporting Swinnen and Haeldermans’s observation in 2006. In 2008, 
Clarke et al. further investigated the origin of TA induced short circuit current (Jsc) 
enhancement in P3HT:PCBM BHJ cells
76
. Using transient absorption spectroscopy, the 
authors show a nearly two-fold increase in dissociated charges within the blend. The 
increase is attributed to a ca. 50 meV reduction of the ionization potential resulting from 
the crystallization of P3HT during heat treatment. Consequently, three main enhancement 
channels had been identified to-date: optical effects (Hoppe et al., 2004), hole transport 
(Mihailetchi et al., 2006), and exciton dissociation (Clarke et al., 2008). 
41 
 
 
  
More recently, Wang et al. continued work on the investigation of BHJ thermal 
annealing 
77
. Here, four distinct, advantageous TA-induced processes were identified: (i) 
the evaporation of residual solvent at temperatures above the glass transition of the blend, 
(ii) the relaxation of non-equilibrium molecular conformation, (iii) the crystallization of 
both P3HT and PCBM components, and (iv) the phase separation of P3HT and PCBM 
domains
77
. In addition, this study found that the rate at which the active layer is returned 
to room temperature is an important consideration of the isothermal annealing process. 
Linear cooling rates between 8-90ºC min
-1 
produced better PCEs than immediate cooling. 
The rapid quenching of active layer heat is expected to inhibit the crystallization of the 
polymer and can trap non-equilibrium morphological states, thus affecting performance.  
3.3 Slow-growth solvent and vapor annealing 
 
42 
 
 
  
Figure 3.2.1: Measured (open symbols) and calculated (solid curves) normalized 
photocurrent as a function of effective applied bias for (a) fast and (b) slow grown films.  
Aside from thermal annealing, a second, heatless annealing process was first applied to 
BHJ OPVs by Li et al. in 2005 
3
. This process, now known as slow drying or solvent 
annealing and referred to here as slow-growth-solvent annealing, involves storing the 
active layer film in a confined volume (such as a glass petri dish) directly after spin-
coating to allow the solvent to dry more slowly. In their important 2005 work, Li et al. 
study the difference between fast grown (i.e. as-cast films) and slow grown (i.e. films 
slow dried under a glass dish) films and reported a PCE of 4.4% - one of the highest 
published at the time. In 2006, the same group further investigated the fast and slow 
grown devices to show significant generation, dissociation, and mobility improvements
78
. 
These enhancements are similar to those identified for the thermal annealing process. 
Here, hole mobility was shown to increase from ~1.9x10
-9
 to ~1.7x10
-7
 m
2 
Vs
-1
 and 
electron mobility from ~6.5x10
-8 
to ~2.6x10
-7
 m
2 
Vs
-1
 (a more balanced charge transport 
in slow grown case can also be noted). Further, photocurrent characterization showed an 
increased generation rate in slow grown films and, by applying the Braun modified 
Onsager model, the authors were able to suggest a 47-51% dissociation rate for fast 
grown films compared to a 70-80% rate for slow gown (Figure 3.2.1). Work on solvent 
annealing was again continued by Yang Yang’s group in 200779. In this work, a 
systematic study of solvent annealing as a function spin speed (ts) was presented. The 
solvent annealing time (ta), which is the time taken by the solvent to dry after spin 
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coating, was monitored and correlated to both ts and device performance. Using 
photophysical and morphological characterization techniques, the authors were able to 
reveal an optimal ta (> 60s; corresponding to ts > 50s) for greatest devices performance 
and show solvent annealing is most powerful at higher PCBM loadings. Again in 2007, 
Miller et al. published on the effects of similar morphological control technique, vapor 
annealing – that it, the exposure of OPV BHJ devices to solvent fumes (which can be 
different than the host solvent) after the film has dried 
80
. In their paper, P3HT was shown 
to increase in ordering, improving crystallinity and providing better charge transport. The 
authors asserted that vapor annealing is comparable in performance to both thermal and 
solvent annealing, but advantageous owing to its lack of heat (compared to thermal 
annealing) and speed (1min length compared to the 20min+ increase in dry times of slow-
growth-solvent annealing). 
In 2009, research employing vapor annealing continues with Bull et al.’s work on 
mesoscopic PCBM crystallites 
81
. Here, poly(5,7-bis(3-dodecylthiophene2-yl)theino[3,4-
b]pyrazine-alt-9,9-dioctyl2,7-flourene) (BTTP-F):PCBM cells were treated post-
production via degassed chlorobenzene. The group found the expected performance 
improvement; however, they showed an unfavorable change in vertical film morphology, 
as well as the formation of very large PCBM crystallites, similar to the observation of 
Swinnen and Haeldermans in 2006. Thus, the authors suggest that the inclusion of new 
methods for nucleating the desired nanomorphology, without having to include such large 
PCBM aggregates, could induce further performance enhancements. 
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A pinnacle 2008 work by Campoy-Quiles et al. compares the above mentioned 
nanomorphology control techniques (fast drying, slow-growth-solvent annealing, thermal 
annealing, and vapor annealing) to better understand the molecular rearrangement and 
kinetics of the morphological changes 
82
. Here, the authors remind that the various 
techniques produce similar results, with PCEs ranging from 4-5%. Further, it is shown 
that all techniques lead to a common arrangement of the composite blend, where P3HT 
initially crystallizes, encouraging the diffusion of PCBM to nucleation sites – where 
PCBM aggregates can grow.    
3.4 High-boiling-point solvent additives 
In addition to the aforementioned annealing methods, solvent additives (SAs) have also 
been explored as a viable alternative for intelligent control of OPV morphology. When 
compared to annealing techniques, it has been asserted that SAs are a fundamentally 
better option. This claim was made on the basis of a single reason: the phases separate 
during spin-casing, in a single processing step. This makes for easier, quicker fabrication 
without the need for heat treatment or lengthening drying times. Research on SAs has 
been ongoing for 5+ years and, thus far, has produced exceptional results; with at least 
one account of PCEs tripling upon the addition of SA.  
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Figure 3.3.1: Transmittance through films for films on glass substrates: neat solvent/no 
annealing (X), neat solvent/150ºC 15min annealing (*), 1% n-octylthiol/no annealing (♦), 
and 1% n-octylthiol/ 150ºC 15min annealing (◊). 
 
The first reports on SAs surfaced in 2006 
83, 84
. A work by Zhang et al. shows 
solvent mixing was advantageous to the morphology of polyflourene copolymer/fullerene 
blended OPVs and thereby, were able to enhance their PCE by 0.2 percentage points
84
. 
Just months later, a work by Peet et al. showed that mixing a small-volume additive (e.g. 
octylthiol) into a host solvent (e.g. toluene) decreased the optical transmittance of 
P3HT:PC61BM OPVs, red shifted the spectra, and gave rise to more distinct vibronic 
peaks (Figure 3.3.1)
83
. These observations, of course, are in line with the earlier works 
on thermal, slow-growth-solvent, and vapor annealing. The authors showed these 
changes as a result of an enhancement in P3HT crystallinity and, further, were able to 
quantify an increase in carrier lifetime which is indicative of a reduction in mid-gap 
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defect states. In this same work, Peet el al. offered the first insights into SA selection, 
indicating that enhancement was independent of solvent boiling point or polarity.  
                                               
Figure 3.3.2: AFM topography of films cast from PCPCTBT/C71-PCBM with additives: 
(a) 1,8-octanedithiol, (b) 1,8-cicholorooctane, (c) 1,8-dibromooctane, (d) 1,8-
diiodooctane, (e) 1,8-dicyanooctane, and (f) 1,8-octanediacetate. Reprinted with 
permission from 
1
.  
 
Since the original reports, many works have explored these processing additives. 
In 2007, Peet et al. again published positive SA results 
85
. Here, the authors incidentally 
discovered that the incorporation of small concentrations of alkanethiols modified 
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P3HT:PCBM nanoscale morphology. Further, while working with a low-bandgap 
polymer, poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]-dithiophen)-alt-
4,7-(2,1,3-benzothiadiazole)] (PCPDTBT), Peet et al. found that thermal annealing 
techniques were ineffective at controlling PCPDTBT/PCBM phase separation. Thus, the 
group applied the alkanethiols finding and was able to improve PCE from 2.8% to 5.5%. 
In the same year, Lee et al. attempted to further characterize and explain the 
alkanedithiols-induce efficiency enhancement
1
. Based on alkanedithiol’s high boiling 
point (higher than the host chlorobenzene solvent) and its selective solubility of PCBM, 
the authors predicted three different phases during the crystallization kinetics of the 
composite film: (i) a fullerene-alkanedithiol phase, (ii) a polymer aggregate phase, and 
(iii) a polymer-fullerene phase
1
. Considering these phases, one can readily see how larger 
polymer and fullerene crystals are encouraged. During spin-casting/drying, the lower 
boiling point host solvent rapidly evaporates causing the materials to condense into 
domains and form a film. The higher boiling point additive evaporates more slowly, 
allowing phase (i) to remain as a solution longer. This causes both PCBM and P3HT to 
cluster and form larger, more crystalline domains. AFM confirmed different additives 
give different domain sizes and shapes (Figure 3.3.2). From their phase theory, Lee et al. 
offered two criteria for the selection of practical additives: (i) the SA should have a lower 
vapor pressure (i.e. higher boiling point) than the host solvent, and (ii) the SA should 
have selective solubility of one of the materials (e.g PCBM) 
1
. In 2008, Yao et al. 
corroborated these criteria and offer a third addition: (iii) the additive must be miscible 
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with the host solvent 
86
. In their work, Yao et al. first explored a 1,8-octanedithiol (OT) 
additive to the model P3HT:PCBM system (1,2-dichlorobenzene (o-DCB) host solvent) 
and then extended their results to include two new additives: di(ethylene glycol)-diethyl 
ether (DEGDE) and N-methyl-2-pyrrolidone (NMP). The authors were able to produce 
varying efficiency enhancements with all three additives, allowing them to suggest the 
chemical properties of the additive are irrelevant, while the physical properties remain 
most important. Most interestingly, in contrast to the original observation that 
enhancement is independent of additive boiling point, it was emphasized that the boiling 
point of the solvent additive should not be too high to ensure all (or more practically, 
most) solvent is removed upon drying.     
                                      
 
Figure 3.3.3: Topography (a, c) and phase (b, d) images of ITO/PEDOT:PSS/ poly[(4,4-
didodecyldithieno[3,2-b:2’,3’-d]-2,6-diyl-alt-(2,1,3-benzoxadiazole)-4,7-diyl]:PC71BM 
films made without using CN (a, b) and with CN (c, d). The scan size of the images is 
1µm x 1µm. Figure from Hovel et al., 2010. 
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In 2010, SA exploration was continued by Hoven et al. 
87
. In this work, a novel 
donor polymer, poly[(4,4-didodecyldithieno[3,2-b:2’,3’-d]-2,6-diyl-alt-(2,1,3-
benzoxadiazole)-4,7-diyl] was introduced with a PCE of ca. 1.6%. After the introduction 
of 1-chloronaphthalene (CN) as a small-volume additive (cholorobenzene host solvent), 
PCEs more than tripled to ca. 4.9%. Most notably, Hoven et al. showed a significant 
reduction in surface roughness and a reduction in phase domain size upon the addition of 
CN (Figure 3.3.3). Interestingly, this is in contrast to a majority of other reports, in 
which, additives give rougher films with larger domains. Further, this is in contrast to Li 
et al.’s theory that rougher films give better performing devices. However, it should be 
considered that Hoven et al. have gone against criterion (ii) and used an additive in which 
both polymer and fullerene are soluble. Further, both materials have a better solubility in 
the CN additive as compared with the host CB 
87
. Therefore, whereas most use a better 
host solvent and add a poorer and/or selective small-volume solvent, Hoven et al. use a 
poorer host with a better, non-selective additive. Thus, this opposite result could be 
expected. Nonetheless, Hoven’s work highlights the versatility of small-volume SAs, 
indicating that not only can aggregation be encouraged during crystallization kinetics, but 
it can also be discouraged. After Hoven’s report, Salim et al. investigated deeper into the 
effects of SAs on the model P3HT:PC61BM blend 
88
. Here, the authors directly compared 
the effect of additive boiling point and solubility on nanoscale phase separation. 
Alkanedithiols with similar chemical structure but differing boiling points and solubility 
were incorporated with the host o-DCB. Salim et al. found that improvement is not linear 
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with increasing boiling point, but resembles a bell shape. This corroborates earlier reports 
which have predicted boiling points should be high (Lee et al., 2008), but not too high 
(Yao et al., 2008). Of the four SAs explored, the authors found the middle two (namely, 
1,6-hexanedithiol with tb = 242ºC and 1,8-octanedithiol with tb = 270ºC) perform better 
than the outer two (namely 1,5-pentanedithiol with tb = 216ºC and 1,9-nananedithiol with 
tb = 294 ºC). Further, the authors were able to show there is an optimal combination 
between boiling point and solubility for the best performing SA. This work further 
supports the 2008 publication by Yao et al., in which, they suggest additive chemical 
properties are irrelevant compared to additive physical properties. 
                         
 
Figure 3.3.4: Microscope images of P3HT/PCBM (1:1) films spin-coated from a) CB, b) 
4% NB added to CB, c) 4% DIO added to CB, and d) 4% CN added to CB. Films were 
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heat-treated in a glove box for 30 min at 150 ° C. Reprinted with permission from (Chang 
et al., 2011). Copyright [2011], John Wiley and Sons 
 
More recently, Chang increments SA work in 2011 exhibiting the effect of trace 
solvent on the nanomorphology of P3HT:PCBM BHJ solar cells 
89
. In this report, Gas 
chromatography–mass spectrometry (GCMS) was used to show entrapped solvent within 
the BHJ film, despite a 10 min, 150ºC heat treatment. As a result, the group found larger 
PCBM agglomerates and a more extensive phase separation. Interestingly, an o-DCB 
host solvent resulted in larger domains than a CB host solvent. To combat this, the 
authors added a small volume fraction of nitrobenzene (NB) to the host solution, which 
prevented PCBM diffusion and, thereby, aggregation (Figure 3.3.4). Those devices cast 
with NB performed similarly to thermally annealed, CB-cast cells and were shown be 
less affected by prolonged heat treatment (i.e. more thermally stable). Most importantly 
to note, NB is a non-solvent for both P3HT and PCBM and, thus, Chang has shown 
criterion (ii) (as mentioned above) should be reconsidered. A second work on SAs in 
2011 came from Chu et al. Here, the authors present results on two new additives, 
dimethylsulfoxid (DMSO) and dimethyl formamide (DMF), to a poly[N-heptadecanyl-,7-
carbazole-alt-5,5-(4’,7’-di-2thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT):PC71BM 
system (o-DCB host solvent) 
90
. Using 10-13% by volume of SA, the authors were able 
increase PCE by as much as 18%. In alignment with earlier reports, the authors showed 
the additives significantly increase surface roughness, domain size, and hole mobility. 
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More interestingly, neither DMSO nor DMF dissolve either material (PCDTBT nor 
PC71BM) and DMF has a lower boiling point than the host o-DCB 
90
. Consequently, the 
authors have again strayed from the above-mentioned SA selection criteria and, along 
with Chang et al., have opened the door for future exploration of non-selective, low-
boiling point additives.  
In summary, several types of treatments have been used to optimize the 
nanomorphology of donor-acceptor blend films in OPVs, and to improve power 
conversion efficiencies of resultant devices. Several models and reasons have been 
proposed for the observed improvements, and there are ample agreements as well as 
contradictions among different groups and experiments. Knowledge discovery in this 
direction is still evolving, and so is the choice of annealing treatments with the 
emergence of solar cells based on new organic semiconductors. What works for a 
material, does not always work for another due to differences in chemical structures and 
type of molecular packing in thin films. Thus, as the field of organic solar cells advances, 
more progress is expected on the front of controlling and understanding nanomorphology, 
as well as elucidation of process-structure-property interrelationships.    
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CHAPTER 4:  LOW BOILING POINT SOLVENT ADDITIVES 
FOR MORPHOLOGY CONTROL  
 
4.1 Introduction to low-boiling-point solvent additives 
Bulk-heterojunction (BHJ) organic photovoltaic (OPV) cells realized from solution 
processable conjugated polymer donors and fullerene acceptors have found immense 
interest due to the promise of low-cost roll-to-roll manufacturability on flexible 
substrates, among other reasons. In a BHJ cell, photogenerated electron-hole pairs 
(excitons) are dissociated at the donor-acceptor interface, and dissociated electrons and 
holes are transported to respective electrodes. Efficient exciton dissociation requires 
donor-acceptor intermixing at the scale of exciton dissociation length (ca. 10 nm),
91
 and 
efficient transport requires larger domains enabling percolating pathways. Thus, 
optimizing morphology of a BHJ active-layer requires delicate balance between 
optimizing both of these processes. 
Recently, power conversion efficiencies in the range of 7-8% have been achieved 
in BHJ OPVs.
90, 92
 To obtain high efficiency in the state-of-the-art P3HT:PCBM BHJ 
cells, techniques like thermal and solvent annealing are typically used.
64, 93
 However, for 
cells based on some recently emerged polymers like PCDTBT and PCPDTBT,
94,95
 
thermal annealing degrades the performance, and utilizing high-boiling-point (high-bp) 
solvent additives has emerged as an alternative method to improve device efficiencies. 
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Such additives optimize BHJ nanomorphology in one of the following ways: (1) enhance 
polymer crystallinity resulting in enhanced absorption;
96, 97
 (2) create finer BHJ 
morphology for efficient exciton dissociation;
98-100
 (3) or increase the number of inter-
connected pathways for better charge transport.
1, 101
 These high-bp solvent additives are 
able to do so either by selective dissolution of one of the species like fullerene,
1, 99, 100
 or 
by better dissolution of the entire polymer-fullerene blend,
96, 98
 or by being a marginal 
solvent for both the species.
102 For P3HT:PCBM however, the solvent additive approach 
is reportedly not able to perform better than the solvent annealing approach;
103, 104
 it 
should be noted though that solvent additives were employed with thinner P3HT:PCBM 
films realized by faster spin-coating speeds, and thus the above comparison is not done in 
the strictest sense. 
Here we show a deviation from the conventional rule on solvent additives. We 
show that even a low-bp solvent additive (tetrahydrofuran (THF)) in a parent high-bp 
parent solvent (o-dicholorobenzene (ODCB)) is able to improve the transport properties 
of a P3HT:PCBM cell, leading to efficient charge extraction and fill factors(FF) as high 
as 69.5% (67.5 ±0.9 %), which are among the highest FF recorded (~68%)
97
 for the 
P3HT:PCBM system. Of noteworthy mention is that such high FFs were obtained with 
Al cathode, without any thermal treatment, or low work-function cathodes like Ca/Al and 
LiF/Al, or electron or hole blocking layers like TiOx and NiOx. FF of the control ODCB 
device was 64.2% (±2.1). Overall device efficiencies however were comparable for both, 
devices with THF additive (ODCB-THF device) and ODCB only devices, due to slight 
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reduction in short-circuit-current (Jsc) for ODCB-THF device. This was due to a thinner 
film in the ODCB-THF case due to differential wetting of the solvent mixture during 
spin-coating, and due to demixing of fullerene from P3HT phase, as discussed below. 
However, the significance of this study lies in increasing the charge extraction (FF), 
which is typically more challenging than increasing Jsc; Jsc can be easily increased by 
increasing film thickness or utilizing optical spacer at the metal electrode. The other 
aspect of this study is that demonstrating that even though low-bp additive evaporates 
before the parent solvent, morphological changes induced by it persist in the solid-state 
ﬁlm. A recent report has also mentioned the use of a solvent additive dimethyl formamide 
with boiling-point (153 
o
C) only slightly lower than the parent solvent ODCB (180 
o
C) to 
improve the performance of PCDTBT:PC71BM based OPVs.
90
 However, in our study the 
bp of the additive is significantly lower with THF having a bp of 66 
o
C; relative 
solubilities of P3HT and PCBM are also different from the above mentioned report, as 
discussed below. For comparison purposes, we also fabricated devices with the most 
commonly used high-bp solvent additives octanedithiol (OT) and N-methyl 2-pyrollidine 
(NMP) in the parent solvent ODCB. The FFs of ODCB-OT and ODCB-NMP devices 
were 57% and 45%, respectively, and thus worse than ODCB-THF devices and control 
ODCB devices. 
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4.2 Fabrication Process (P3HT:PCBM cells) 
The P3HT:PCBM based solar cells were fabricated on indium tin oxide (ITO) 
coated glass substrates (15 /sq; Delta technologies). ITO coated substrates were cleaned 
by ultrasonication in acetone, isopropanol, detergent and water, and then subjected to air 
plasma cleaning for 5min.Poly (3, 4-dioxythiophene): poly (styrenesulfonate) 
(PEDOT:PSS) (Baytron®4083 PVP) solution was spin-coated at 4000rpm for 60s on the 
clean ITO slides, followed by baking at 120
o
C for 10 min, and transfer to Argon-filled 
glove box. 11mg/ml (1:1) P3HT:PCBM mixture was dissolved in ODCB and stirred for 
ca. 18hours at 45
o
C.The solution was then filtered using a 0.2µm filter with a glass 
syringe instead of a plastic one to avoid the effect of unintentional SiOx additive coming 
from the silicone head.
105
 The low-bp solvent additive THF with bp of 66
o
C 
preferentially dissolves P3HT over PCBM.
106
 The high-bp solvent additives chosen were 
NMP (bp ~ 210
o
C) and OT (bp ~ 270
o
C), and both show greater affinity for PCBM.
34 
The host solvent ODCB (bp ~ 186
o
C) is a good solvent for both P3HT and PCBM.  
 
 
(a)                                                                                      (b)                             
 
                                  (c)                                                                                      (d) 
Fig.4.2.1. Solvents used in this study (a) ODCB (b) OT (c) THF and (d) NMP 
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Four solutions with 10 mg/ml final solute concentration were prepared by adding 
10% by volume of THF, NMP, OT and ODCB to 90% by volume of ODCB based 
11mg/ml solutions of P3HT: PCBM. The solutions were stirred at 45
o
C for 1 hour and 
then spin-coated onto the PEDOT: PSS coated ITO substrates at 600rpm for 40s. All the 
spin-coated films were allowed to dry inside the same petri-dish (SP) and their respective 
petridishes (DP) and their drying times were noted. The ODCB only and ODCB-THF 
based films took 15-20mins to dry completely and the ODCB-OT and ODCB-NMP 
based films took 25-30mins. The drying times noted were on the basis of visual 
inspection of change in color from orange to purplish pink. The dried films were then 
deposited with 150 nm of Al (top electrode) at 5 A
o
/s rate under pressure of 1 X 10
-6
mbar 
in a thermal evaporator. No pre-production or post-production thermal annealing was 
performed on these films. Photocurrent density versus voltage characteristics were 
measured by illuminating the devices using an ELH quartzline lamp operating at 1 sun 
conditions, i.e. 100mW/cm
2
, calibrated using a standard crystalline silicon photodiode 
reference with a KG-5 filter. To obtain the thickness of films, a scratch was made on the 
film and the Atomic Force Microscope tip was scanned across the height profile in 
tapping mode. The active layer thickness for ODCB device was ca. 150nm, ODCB-THF 
was ca.135 nm, ODCB-OT was ca.110 nm and ODCB-NMP was ca.170nm. 
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4.3 Opto-electronic  characterization      
             
Fig 4.3.1. Current density versus voltage characteristics in AM 1.5G illumination 
conditions, The curves corresponding to each of the four devices shown here are 
representative of 24 contacts of each type . The results have been summarized in the table  
 
Photocurrent density versus voltage plots are illustrated in Figure 4.3.1 for the four types 
of devices with ODCB-THF based device exhibiting an enhanced FF of 68%, which is 
7.8% higher than FF of the ODCB device. These plots are only for one set of devices 
representative of the relative performance of four types of devices studied. Overall, we 
fabricated 6 devices of each type in four different sets over a period of time, and naturally 
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there were varations in PV characteristics between different sets. Thus, in Table 1 we 
summarize the device characteristics of all the 24 devices studied in for each device type. 
As shown in table 1, ODCB-THF device always showed the highest FF, and also was the 
most reproducible device as it shows the least standard deviation in performance. Overall 
performances of ODCB devices and ODCB-THF devices were comparable due to 
reduced Jsc in ODCB-THF devices. This can be partly ascribed to lower photon 
harvesting in ODCB-THF devices as the active-layer thickness was less than the ODCB 
devices. Since the solution concentrations and spin-coating parameters were kept 
identical for all devices, differential thicknesses were most likely due differential wetting 
on PEDOT:PSS, caused by differential  hydrophobicity of the solvent additives. It should 
be noted that less active-layer thickness of ODCB-THF film was not the reason behind 
higher charge extraction and FFs, as we have fabricated several ODCB only devices of 
lesser thicknesses in our laboratory, and never achieved FF ~ 68%. Thus the origin of 
high FF must be morphological in nature, which we characterized and is discussed below. 
Sample Voc(V) Jsc(mA/cm
2
) FF (%) % PCE 
ODCB 0.59±0.01 10.02±0.72 64.2±2.1 3.79 
ODCB-THF 0.58±0.00 9.52±0.36 67.5±0.9 3.74 
ODCB-OT 0.53±0.02 9.11±0.39 45.1±4.3 2.17 
ODCB-NMP 0.58±0.01 10.42±0.83 56.9±1.5 3.41 
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Table 1. Photovoltaic parameters of OPVs fabricated using different solvent additives: 
Short-circuit current density (Jsc), open-circuit Voltage (Voc), fill-factor (FF) and power 
conversion efficiency (PCE) for each of the four types of devices. Total 4 devices were 
fabricated for each sample. 
  
 
Figure 4.3.2. (a) Normalized quantum efficiency (QE). (b) PL lifetimes for the four types 
of devices studied. 
 
External quantum efficiency (EQE) of our devices followed the same trend as Jsc, 
as expected. However, normalized QE curves (Figure 4.3.2a) show that ODCB-THF 
device has the highest relative photocurrent contribution from the red photons, indicating 
higher effective conjugation length of P3HT in the ODCB-THF device. Further, 
photoluminescence (PL) lifetime characterization (Figure 4.3.2b) revealed that ODCB-
THF films have the highest PL lifetime of ca. 200ps, thus indicating that P3HT domains 
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in ODCB-THF films are larger than P3HT domains in the other devices investigated in 
this study. Larger domain size leads to lowest singlet-exciton dissociation efficiency, and 
thus highest PL lifetimes. Thus, both QE and PL lifetimes unambiguously show that 
P3HT domain sizes are largest in ODCB-THF devices, and that is what ultimately leads 
to best charge extraction and highest FF in ODCB-THF devices. Considering the relative 
solubilities of P3HT and PCBM in THF additive, one can understand why P3HT domains 
are largest in case of ODCB-THF device. Recently, a neutron scattering investigation on 
P3HT:PCBM films has shown that such films have the rivers and streams morphology, 
that is, there are three types of regions present in such films: crystalline P3HT, 
amorphous mixture of P3HT and PCBM phases, and crystalline PCBM.
107
 Thus, since 
PCBM is insoluble in THF, demixing of PCBM from amorphous mixture of P3HT and 
PCBM is promoted. This leads to decreased number of donor/acceptor interfaces for 
exciton dissociation reflected in PL lifetimes shown in Fig. 2(b). However, charge 
extraction and FFs improve as a result of this demixing. To further elucidate the reason 
behind better charge extraction, we performed further characterization. 
Electric field dependent space-charge-limited-current hole mobilities were 
measured in hole only P3HT:PCBM diodes using MoO3/Al as a top electrode. Zero field 
SCLC hole mobilities were measured using the expression given below and calculated by 
fitting linear region log J/V
2
 versus V
1/2  
at high voltages. 
                                     
  
 
      
  
   
     √         ………………………………..(1)                                                            
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where γ is the electric-field pre-factor and μo is the zero-field mobility of the charge 
carriers.
108
 Zero-field hole mobilities obtained for ODCB, ODCB-THF, ODCB-OCT and 
ODCB-NMP were 1.54 x 10
-3 
cm
2
/V-s, 1.39 x 10
-3 
cm
2
/V-s, 4.61 x 10
-4 
cm
2
/V-s and 7.05 
x 10
-4 
cm
2
/V-s respectively. The hole mobilities obtained  in ODCB and ODCB-THF 
based devices are better than ODCB-OT and ODCB-NMP devices, and had γ closer to 
zero implying negligible electric-field dependence.
109
 However, the hole mobilities were 
similar for ODCB and ODCB-THF devices. This shows that even though THF demixes 
PCBM from the amorphous P3HT:PCBM domains, that does not increase the hole 
mobility of P3HT, and thus better hole transport is apparently not the reason behind 
better FFs in ODCB-THF devices. We also estimated trap densities using capacitance 
measurements according to a method described elsewhere,
48
 and trap densities were 
found to be in the order of 10
16
/cm
3
 for all the four devices . 
                                   
                            
Figure 4.3.3.Current Density vs Voltage characterisitics in dark for the four types of 
devices. 
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 To probe the charge extraction aspect further, we evaluated dark current-voltage 
characteristics. As illustrated in Figure 4.3.3, the shunt leakage current, that is the current 
at low forward bias (~ less than 0.3 V), is higher in case of ODCB device as compared 
with ODCB-THF device. Traditionally, shunt leakage current has been attributed to a 
parallel resistance in the circuit model. However, it was shown recently that for all thin 
film technologies including OPVs, shunt leakage current is non ohmic in nature and it 
follows a space charge limited current type model.
110
 According to this model, 
                                                        
    
   
|  |     …………………………..(2)                       
Where ISCL is the shunt leakage current, A is the device area, sgn is the sign function, L is 
the length of the semiconductor region, ε is the dielectric constant of the semiconductor 
and μc is the effective carrier mobility. Based on this model, higher hole mobilities lead to 
higher shunt leakage currents. This can partly explain why shunt leakage currents for 
ODCB-OT and ODCB-NMP devices were lower than ODCB and ODCB-THF devices. 
But despite having similar values of hole mobilities, the shunt leakage current in case of 
ODCB device is higher than ODCB-THF device. This indicates towards a higher number 
of shunt paths in the ODCB device, or in other words, poorer vertical phase segregation 
in which more P3HT or PCBM paths percolate from one electrode to another. Thus, we 
can deduce that although THF leads to demixing of PCBM from the amorphous 
P3HT:PCBM regions, it does not increase the overall crystallinity (and hole mobility) of 
P3HT. It does however promote a better vertical phase segregration, thus less shunt 
leakage, and as a result higher charge extraction and FFs.  
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Fig 4.3.4 .Photoluminescence (PL) Lifetime measurements for the four devices (a) Same 
petri-dish (SP) conditions (b) Different Petri-dish (DP) conditions. 
Solvent Same Petridish (SP) 
<
PL
> (ps) 
Different Petridish 
<
PL
> (ps) 
ODCB 54±5 45±5 
ODCB -THF 200±10 98±5 
ODCB-OT 42±8 180±10 
ODCB-NMP 154±12 42±5 
 
Table 2. Photoluminescence (PL) Decay parameters for the devices prepared under Same 
Petridish and Different Petridish conditions. 
Phase separation studies form an important aspect of understanding charge 
transport and photoluminescence (PL) studies are employed to explain the variations in 
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charge extraction for these devices. Excited state PL-lifetime measurements were 
performed using the TCSPC set-up described in the Appendix. From the Figure 4.3.4(a), 
it is clear that ODCB 10%THF based device has the highest PL lifetime of 200ps 
recorded for singlet excitons, indicative of  domain growth of P3HT phase caused by 
THF in solid state 
106
. Singlet excitons created far away from the interface (< 20radius)  
may not undergo dissociation, which in turn leads to slightly lower Jsc 
111
.        
                    
Figure 4.3.5. Photoluminescence (PL) Decay measurements for the four devices (a) 
ODCB (b) ODCB 10% OCT (c) ODCB 10% THF and (d) ODCB 10% NMP prepared 
under Same Petridish (SP) and Different Petridish (DP) conditions. 
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Given that drying time for all the films was increased from few minutes to 15-30 
mins when dried separately in respective petridishes as shown in Figure 4.3.4(b) and 
Figure 4.3.5, there could be increase in interaction time between the solvent additives and 
polymer-fullerene structures.  We believe that this additional time leads to mixture of 
orientations for the P3HT with better inter-connectivity and percolating pathways due to 
de-mixing. From fig.4.3.5 and Table 5, PL lifetimes of ODCB 10% OT, ODCB 10% 
THF and ODCB 10% NMP indicate that in the same petridish OT has the lower lifetime 
when compared to different petridish sample. Along the same lines, THF and NMP in the 
same petridish show increased lifetimes but smaller lifetimes in different petridishes. 
Therefore, this observation shows us that there is some sort of manipulation in the phase 
separation and de-mixing taking place with change in drying and solvent annealing 
mechanism. From the PL lifetimes measurements as shown in Table 5, OT (42ps) had 
lower PL lifetime than THF (200ps) which indicates  that singlet exciton quenching takes 
place faster within OT based device compared to THF and NMP based device.        
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4.4  Recombination studies                      
          
 
Fig 4.4.1. (a) Illumination dependence of Open circuit voltage (Voc) of the four types of 
devices, and (b) Recombination resistance as function of Voc. 
  Recombination mechanisms were investigated by open circuit Voltage (Voc) versus 
intensity measurements 
39, 112
 through a set of neutral density filters. Koster et al defined 
equation relating Open-circuit voltage (Voc) to Light Intensity (I)
39
. 
                                                         
    
 
 
  
 
  [
        
 
  
]                (3) 
where Egap is the energy difference between the LUMO of the electron acceptor and the 
HOMO of the electron donor, k is the Boltzmann constant, q is the elementary charge, P 
is the dissociation probability of the electron-hole pairs into free carriers, T the 
temperature, Nc is the density of states in the conduction band, γ is the recombination 
constant, and G is the generation rate of electron-hole pairs. G is directly proportional 
with the light intensity I with P not depending on it, this formula contains the dependence 
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of the Voc on the light intensity. Therefore, the slope S=(kT/q) of the Voc versus the 
natural logarithm of the light intensity is predicted by the formula. The slope S of Voc 
versus natural logarithm of the light intensity increases with the strength of the trap-
assisted recombination when the trap-assisted interfacial recombination competes with 
the Langevin bimolecular type. 
In Figure 4.4.1, the slope (S) of the straight line fits for semi-logarithmic plots 
was found to be close to 1.83 in ODCB device and 1.9 in case of ODCB 10% THF, 
signature of Shockley-Reed-Hall (SRH) trap-assisted recombination present at the donor-
acceptor interfaces being dominant mechanism. But the ODCB 10% OCT device had 1.4 
dependence and it was 1.55 in the case of ODCB 10% NMP: signature of mixture of both 
bimolecular and trap-assisted recombination
39
 being present in these devices . From these 
n values, it can be deduced that direct resemblance between the observed photovoltaic 
conversion efficiencies seen in these devices and the nature of recombination is less 
evident. In the next paragraph, a better technique for recombination analysis is explained. 
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Figure 4.4.2.Impedance spectra measured for various illumination intensities 
corresponding to open circuit conditions for devices (a) ODCB , (b) ODCB 10% OCT, 
(c) ODCB 10% THF and (d) ODCB 10% NMP. (e) The response is modeled by an 
equivalent RC circuit.  
Recently Lin Leong et al. 
113
 proposed a new technique of differential resistance 
analysis using impedance spectroscopy to predict the order of recombination in these 
devices and  removes the influence of parasitic resistances. Impedance spectroscopy is 
used to measure the AC response of a device, where a small amplitude sinusoidal voltage, 
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Vac(ω) mixed with a constant DC voltage bias Vdc is applied. Steady state operating 
conditions in the solar cell are established by defining light intensity, cell temperature and 
operating voltage (Vdc ). The AC current response, iac(ω), is measured as a function of 
angular frequency, ω. The cell impedance, Z(ω) is a complex combination of Z’(ω), the 
real part and Z
’’(ω) is the imaginary part of the frequency response of the solar cell and is 
given by Vac(ω)/iac(ω). The data were obtained at a bias voltage Vapp = Voc and Cole-cole 
plots were determined by complex impedances Z’(ω) and Z’’(ω) and all the spectra are 
depicted by a major arc which is related to recombination resistance rrec in Fig. 4.4.2 . The 
data are fitted by an equivalent RC circuit model and the major arc is generally associated 
to the response of the photoactive layer. The resistance of the impedance spectrum is 
regarded as the frequency dependent differential resistance of the current-voltage curve. 
Impedance measurements are independent of capacitive charging that are responsible for 
erroneous time-resolved photocurrent and photovoltage measurements. Therefore 
differential recombination resistance, rrec that predicts the recombination pathways 
existing in the device can be related to light intensity (I) according to the following 
relation. 
                                                                     [ 
  
    
      ]                      (5) 
Where ro is a constant, β is the recombination order parameter. The slope eβ/2kBT 
obtained from the plot of ln(rrec) vs Voc is used to determine the relative magnitude of the 
trap-assisted and bimolecular recombination fluxes present in the polymer-fullerene solar 
cells. The slopes were determined from the fits to the plots in Fig 5(b) and it is observed 
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that order of recombination β is close to 0.98 in case of ODCB and ODCB 10% THF 
indicative of dominant role of trap-assisted recombination process over bimolecular 
recombination in charge carrier loss. The value of β=1 has been associated with 
predominantly trap-assisted recombination and β=2 with complete bimolecular 
recombination process.  ODCB 10% OCT and ODCB 10% NMP have  their β’s close to 
1.24 corresponding to the presence of both of bimolecular recombination along with trap-
assisted recombination process.  From both the recombination studies, correlation 
between recombination parameters and performance of polymer solar cells is unclear 
especially in case of highly efficient devices made out of ODCB and ODCB 10% THF.  
 
4.5 Atomic Force Microscopy 
 
 
 
 
 
 
Figure 4.5.1. 3D Height images of ODCB only (a),ODCB 10% OCT (b), ODCB 10% 
THF (c) and ODCB 10% NMP (d) based films in case of SP. 
 
RMS roughness: 
9nm 
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RMS roughness: 
5.9nm 
  OT 
RMS roughness: 
5.6nm 
  THF 
RMS roughness: 
6.2nm 
  NMP 
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Figure 4.5.2 .Phase images of ODCB only (a),ODCB 10% OCT (b), ODCB 10% THF (c) 
and ODCB 10% NMP (d) based films in case of SP . 
 
We also performed AFM imaging on our films. RMS Surface roughness was 
found to be similar for all types of active-layers - 9 nm, 5.6 nm, 5.9 nm and 6.2 nm for 
ODCB, ODCB-THF, ODCB-OT and ODCB-NMP, respectively. However, phase images 
(Figure 4.5.2) show that the surface of ODCB-NMP and ODCB-OT films have striations 
and color contrast that are ascribed to the presence of P3HT lamellas.
114
 These P3HT 
lamellas will be unfavorable for electron collection at the cathode, which further explains 
poor FFs for ODCB-OT and ODCB-NMP devices. Since AFM is a surface technique, 
these phase images however do not provide information or resolution to comment on the 
vertical connectivities of phases in different films. 
In summary, we showed that even by employing a low-bp additive, morphology 
of a bulk-heterojunction can be optimized to extract charges more efficiently. The low-bp 
solvent studied in the present case was THF, which preferentially dissolves P3HT. Thus 
its inclusion in 10% volume concentration in the parent solvent ODCB led to some 
demixing of PCBM from mixed P3HT:PCBM domains, and a better charge transport 
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network with lower shunt leakage paths. Total photocurrent reduced slightly as a result of 
this demixing; this problem however can be more easily surmounted by further 
concentration and film thickness optimization. 
 
4.6 Other low boiling point solvent additives 
The aforementioned behavior of ODCB-THF films led us to the question: how does 
device performance depend on or vary with change in solubility parameters of THF? To 
characterize this, we also investigated other solvents in THF family as additives. THF is 
an aprotic polar solvent with a dipole moment 1.65 D which indicates its polar nature 
among organic solvents without loss of protons. The first approach was to maintain the 
chemical nature of the tetrahydrofuran and just alter the bp. This was to address the 
question: does this increase in bp lead to improved morphological re-arrangement of 
polymer chains and fullerene molecules? To test dependence on boiling point, we utilized 
THF (bp = 66◦C), dimethyl THF (bp = 92◦C), and diethyl THF (bp = 155◦C) as the 
solvent additives in ODCB parent solvent. 
 
 
 
(a)                                                                   (b) 
Figure 4.6.1 Chemical structures of Alkyl Tetrahydrofuran solvent additives: (a) 
Dimethyl THF (b) Diethyl THF. 
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From Figure 4.6.1, we can observe that the boiling increase in the solvent 
additives as from THF to diethyl THF is due to increase in the size of alkyl group. 
Similarly the polarity of the solvent additive was varied by maintaining the low boiling 
point nature of the additives. For this purpose, methyl furan (bp = 66
o
C) and acetonitrile 
(bp = 80
 o
C) solvents were incorporated. To test dependence on the polarity of the 
solvent, we utilized THF (dipole moment = 1.65 D), methyl furan (0.63 D), and 
acetonitrile (3.92 D) as solvent additives in ODCB parent solvent.  
 
 
 
 
(a)                                                               (b) 
Figure 4.6.2. Chemical structures of low-boiling solvent additives for dipole moment 
experiments (a) Methylfuran (MF) (b) Acetonitrile (CH3CN). 
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(a)                                                               (b) 
Figure 4.6.3. Typical current vs. voltage characteristics (under AM 1.5G illumination) of 
the devices with THF derivatives as solvent additives: (a) THF, dimethyl THF 
(DMeTHF), and diethyl THF (DEtTHF) derivatives with varying boiling points, and (b) 
THF, methyl furan (MF), and acetonitrile (CH3CN) derivatives with varying dipole 
moments. 
 
Device performance was insensitive to variation in bp and all above three THF 
derivative based devices performed quite similarly according to I-V characteristics given 
in Figure 4.6.3(a). There was a slight improvement in device performance with increase 
in dipole moment of the additive, although THF and acetonitrile devices behaved quite 
similarly according to Figure 4.6.3(b). This correlation with dipole moment was not 
reproducible, which indicates that the dependence between performance and dipole 
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moments is weak. In addition to electrical measurements, morphological evaluation of 
these films was performed using Pl lifetime measurements. 
 
 
 
 
 
 
 
Figure 4.6.4. Photoluminescence lifetimes of the films with THF derivatives as solvent 
additives: (a) THF, dimethyl THF (DMeTHF),and diethyl THF (DEtTHF) derivatives 
with varying boiling points, and (b) THF, methyl furan (MF), and acetonitrile (CH3CN) 
derivatives with varying dipole moments. 
From the PL lifetime measurements, the phase separation is observed to be invariable 
and the effect of the boiling point or dipole moment is minimal. Thus, we concluded that 
the morphological effect of THF additive is more of a function of its preferential affinity 
for P3HT over PCBM, than its boiling point; this preferential affinity is also only weakly 
affected by change in the dipole moment of the solvents in THF family. 
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4.7 Low-boiling-point solvent additives for PCDTBT:PC71BM  
The low boiling point solvent additives were investigated for another emerging 
conjugated polymer-Poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-
2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] PCDTBT–fullerene PC71BM system 
for fabrication of high efficiency solar cells. PCDTBT is a bulky polymer system with 
greater aromatic to aliphatic chain ratio and is amorphous in nature. 
                    
               Figure 4.7.1. Structure of  PCDTBT  ( www.1-material.com) 
PCDTBT:PC71BM solar cells have exhibited very good efficiencies in the range of 6-7% 
but they suffer from certain limitations like charge collection and short circuit current. 
Thicker active layers are not preferred in this polymer system as it leads to poor FFs. We 
have observed this in our preliminary work on this system both in normal and inverted 
architecture. Moreover, most commonly preferred annealing process in P3HT :PCBM  
like thermal treatment does not translate well for the PCDTBT :PC71BM system as it was 
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found to be less thermally stable at temperatures like 110 degree C, which is close to its 
glass transition temperature (Tg). 
  Recently for PCDTBT:PC71BM solar cells, solvent additives have found to have a 
beneficial role in tailoring a suitable nanomorphology enabling better device 
performances. Surface energetics for P3HT:PCBM system are different from PCDTBT: 
PC71BM system.  For P3HT:PCBM solar cells, inverted architecture is preferred as P3HT 
tries to diffuse to surface to minimize it’s free energy in the presence of high boiling 
point solvents. But in the case of PCDTBT:PC71BM system, similar phenomenon was not 
observed and inverted architecture is not preferred for a similar set of conditions. In fact, 
PCDTBT:PC71BM system has found to exhibit greater intermixing and less phase 
separation. But to get good FFs, charge extraction has to be good which requires better 
charge mobilities and better inter-connectivities among respective entities.  
For the fabrication of PCDTBT:PC71BM based cells, the device structure was 
(PEDOT:PSS)/PCDTBT:PC71BM/Ca/Al. Active layer was deposited from a solution 
containing PCDTBT:PC71BM (1:3.5) (from 1-Material) with a total concentration of 7 
mg/ml in ODCB. Prior to spin-coating, this solution was stirred on a hot-plate at 90
o
C or 
8 hrs and subsequently at 60
o
C for a few days. Two low-boiling-point organic solvents 
THF (bp = 66
 o
C) and chloroform (bp = 61
 o
C) were incorporated as additives in the 
original blend solution in a 10% (v/v) ratio. Electrode deposition and device 
characterization was done as mentioned for P3HT based devices. In addition to control 
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PCDTBT: PC71BM devices fabricated from parent solvent ODCB, we also fabricated 
devices with THF and CHCl3 additives (10% by volume in parent solvent ODCB). 
 
      
 
Figure 4.7.2. Current vs. voltage characteristics of PCDTBT:PC71BM devices under 
illumination (left) and in dark (right). 
 
Current–voltage curves of these devices are shown in Figure 4.7.2, and 
performance parameters are listed in Table 3. Both ODCB-THF and ODCB-CHCl3 
devices show a slight improvement over the control in all the three aspects – Voc, Jsc, and 
FF. Similar to the case of P3HT: PCBM devices, devices with both low-boiling-point 
additives showed reduced shunt leakage currents. Thus, we expect that in the case of 
PCDTBT: PC71BM devices also, the additives slightly improve the overall vertical phase 
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separation (donor–acceptor connectivity between the electrodes), which leads to higher 
Voc and FF. 
 
Sample 
 
Voc (V) Jsc (mA/cm
2
) 
 
FF (%) PCE (%) 
ODCB 0.83 10.44 52.1 4.51 
ODCB-THF 0.88 10.59 52.6 4.92 
 
ODCB-CHCl3 0.86 10.87 52.4 4.89 
  
Table 3. Performance parameters of the three types of PCDTBT:PC71BM devices. 
 
Unlike the case of P3HT: PCBM, Jsc does not suffer (in fact it slightly increases) 
for additive based PCDTBT devices. This is probably because of much higher fullerene 
loading in these devices, which can be expected to alleviate the negative consequence of 
polymer-fullerene demixing. Observed difference in the performance of our three device-
types is not large, but it is not the upper bound as the additive concentration is not 
optimized. However, similar to the P3HT:PCBM case, these devices again demonstrate 
that even though a low-boiling-point additive evaporates much before the parent solvent, 
the morphological changes induced by it persist in the dry film. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 
 
In summary, several types of treatments have been used to optimize the nanomorphology 
of donor-acceptor blend films in OPVs, and to improve power conversion efficiencies of 
resultant devices. Several models and reasons have been proposed for the observed 
improvements, and there are ample agreements as well as contradictions among different 
groups and experiments. Knowledge discovery in this direction is still evolving, and so is 
the choice of annealing treatments with the emergence of solar cells based on new 
organic semiconductors. What works for a material, does not always work for another 
due to differences in chemical structures and type of molecular packing in thin films. 
Thus, as the field of organic solar cells advances, more progress is expected on the front 
of controlling and understanding nanomorphology, as well as elucidation of process-
structure-property interrelationships.  
          Conventional rule on utilization of solvent additives in BHJ OPV cells is that 
additives should have a higher bp (lower vapor pressure) than the parent solvent, so that 
additives can stay longer in the film and affect morphology. Main conclusion of our study 
is that this is not necessarily true. We showed that even though a lower bp additive 
evaporates faster than the parent solvent at large, at least traces of it evidently stay in the 
drying film for longer, and lead to morphological changes that persist in the solid-state 
film. This was demonstrated for P3HT:PCBM and PCDTBT:PC71BMmaterial systems. 
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5.1 Evaluating other low-boiling-point solvent additives 
In our preliminary work, low boiling point solvent additive Tetrahydrafuran (THF) which 
has preferential dissolution for P3HT over PCBM resulted in high FFs without any 
interfacial charge selective layers at the electrodes, and in the absence of thermal 
annealing. In next set of experiments, other low boiling point additives like chloroform 
(CHCl3) etc can be evaluated along with method of drying in the same petridish to check 
for the effect of the solvent additive on the device performance. Motivation behind this 
experiment will be to investigate if the residence time of CHCl3 in the film leads to 
enhanced properties compared to high boiling point counterparts. The role of chloroform 
solvent additive alone on the device performance without any help from saturated 
atmosphere (that generally aids in enhanced drying time) is also worth exploring.  
          Another characteristic of THF as presented in our work is that PCBM does not 
dissolve well in it. As a result, PCBM tends to segregate away from regions having THF, 
and P3HT tends to form interconnected regions owing to the presence of THF. We have 
attributed the morphology of the active layer to be a distribution of crystalline and 
amorphous domains. Crystalline regions contain stacked P3HT and PCBM regions and 
amorphous regions contain intermixed region of P3HT and PCBM. The presences of 
such well-defined interconnected pathways lead to efficient charge extraction and hence 
high FFs leading to better efficiencies. Moreover, THF has been found to have an effect 
on the orientation of P3HT back bone and it influences π-π stacking responsible for 
enhanced crystallinity.  Similar to THF, cyclohexane also has low boiling point (80 C) 
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when compared to the parent solvent ODCB and does not have affinity for PCBM 
dissolution at certain ranges of temperatures. So, it is interesting to evaluate cyclohexane 
as an additive in P3HT:PCBM cells. The objective of this experiment will be to observe 
whether cyclohexane produces any effect on device performance (preferably in a positive 
way) both in the presence and absence of drying assistance. THF belongs to family of 
heteroaromatics and cyclohexane is generally used as a precursor reagent in the 
preparation of aromatics. It is important to see if the chemical nature of these low boiling 
point solvent additives influences the final outcome of these organic solar cells. Emphasis 
on fullerene crystallization will be laid down in this work as it is important not just to 
have good polymer-polymer connections for hole collection at the anode side. It is also 
important to have good electron transport to the cathode and hence establish a good 
balance in charge mobilities.  
 
5.2 Chemical nature of low-boiling-point additives in 
PCDTBT:PC71BM 
In possible future studies on PCDTBT:PC71BM system , solvent additives – both high 
boiling point and low boiling ones can be employed in different proportions to explore 
their influence on the internal morphology. We have observed that both regular and 
inverted architectures for this system have presented us with respectable photovoltaic 
parameters like Voc of 0.9 V and Jsc of 11 mA/cm
2
. The FFs have varied from 47-57% 
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from inverted to regular architecture. It is important to realize that the nature of 
underlying substrate affects Tg of PCDTBT and hence determines its π-π stacking and 
arrangement with PC71BM. This is a very critical factor in 70-80 nm thick film systems, 
which is the case here. Therefore a possible future study can be devoted to understanding 
how both classes of solvent additives affect the overall photovoltaic performance. 
Comparisons can then be drawn between them to identify the best possible solution for 
improvement in PCEs. 
Substrate effect is of considerable importance for such polymers as we are dealing 
with very thin layers here. So it is important to get suitable conformation of PCDTBT for 
efficient charge transport. Of noteworthy attention is that PCDTBT has better π-π 
stacking on Si/SiOx surface than on PEDOT: PSS.  Does Si surface improve the π-π 
stacking or SiOx has some contribution?   In that case, Si based substrates can be 
explored. Hybrid and tandem amorphous/nanocrystalline Silicon – PCDTBT-PC71BM 
solar cells can be a good study. 
          Both THF and cyclohexane can also be employed for PCDTBT:PC71BM system to 
see if these solvents exercise any influence on this bulk-heterojunction system. Enhanced 
drying method can be also implemented for this system. PCDTBT:PC71BM system has 
shown to exhibit good intermixing in the commonly used solvents like chlorobenzene, 
CHCl3, and also in the mixture of solvents. It is thus important to understand if 
PCDTBT:PC71BM can produce good FFs upon using lower boiling point solvent 
additives or a mixture of them by increasing the thickness of the active layer.  
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              It is important to investigate the role of composition in the presence of solvent 
additives. For a particular PCBM loading and polymer liking low boiling point solvent 
additive – THF or Cyclohexane, how important is the PCBM loading for efficient charge 
extraction? It is reported that hole mobility in both P3HT:PCBM and  PCDTBT:PCBM 
systems is enhanced  when blended with PC71BM. To achieve high FFs, other than 
attaining balance of hole and electron mobilities, the magnitude of them also has to be 
higher when compared to that of pristine material. Recombination studies should be done 
to study which of the dominant mechanisms is operating in these solvent additive based 
devices. PCDTBT has Gaussian DOS for defects. It is very important to understand what 
model does defect DOS assume? Again it is important to understand if composition 
decides charge carrier mobilities or is there some other problem dominating at that 
particular composition? Like going from 1:1 to 1:4, what characteristics of solar cell most 
affect the PCE, can be investigated. 
5.3 Mixture of low boiling and high boiling point additives 
In future experiments, both high boiling solvent additives (favorable for fullerene 
dissolution) and low boiling point solvent additives (favorable for polymer-P3HT and 
PCDTBT dissolution) can be employed to play with surface energies of the polymer and 
fullerene entities to obtain good internal morphology for good PCEs. 
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5.4  Solvent additives to solubilize ferroelectric polymers 
Extension on incorporation of ferroelectric polymer PVDF-TrFE as a dopant in P3HT-
PCBM system with even favorable solvent additives like NMP etc can also be an 
interesting study. NMP is a better solvent for dissolution of PVDF-TrFE than THF. 
Moreover, NMP being high boiling point solvent than the usually used parent solvent-
ODCB, results in preferential segregation of P3HT at the surface and PCBM at the 
substrate. This kind of re-arrangement is good for inverted architecture and hence it will 
be interesting to explore additional benefits of PVDF-TrFE in both regular and inverted 
organic solar cells. 
Also PCDTBT:PC71BM solar cells can take advantage of the ferroelectric polymer 
PVDF-TrFE to improve the charge mobilities in order to get good FFs. 
PCDTBT:PC71BM is a good inter-mixed bulk heterojunction system but this kind of 
arrangement can result in cul-de-sacs for charge transport. It is important to see if the 
solvent additives along with PVDF-TrFE can derive better PCEs for these devices. Since 
recombination will be a major issue in such devices, it will be noteworthy to see how the 
addition of ferroelectric polymer will affect the overall performance of the device. 
5.5 Ternary Blend system and corresponding different device 
architectures 
Overlap of absorption spectra of materials with solar spectrum is a critical requirement. 
To increase this overlap, one approach is to blend mixture of absorbing polymers with 
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complementary absorption profiles. For example, P3HT/PCDTBT system results in high 
Voc of around 1 V but very low Jsc. This requires incorporation of suitable electron 
acceptors like PCBM, ICBA, ZnO nanoparticles etc. to enable good charge transport. 
Given that different polymer/fullerene systems have different surface energies, solvent 
additives can enable careful tuning of inter-mixing of the ternary system to achieve 
preferential gradient in the vertical arrangement of the active layer. Experiments can be 
undertaken wherein ternary blends or bilayer or trilayer structures can be fabricated. 
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APPENDIX 
Steady State Photoluminescence Experiments 
Steady-state PL intensity spectra were obtained on a Spex Fluoromax-4 (Horiba 
Jobin-Yvon) with a 3-nm bandpass and corrected for lamp spectral intensity and 
detector response. All samples were excited at 407 nm with a front-faced geometry. 
Emission was collected with a 505-nm long-pass filter to eliminate interference from 
scattered light from the solid samples. 
Time Resolved Experiments  
Excited-state PL-lifetime measurements were performed using the TCSPC set-
up.Briefly, a homebuilt mode-locked Ti:sapphire oscillator pumped by a Nd:VO4 
laser (Millennia, Spectra Physics) producing femtosecond pulses tunable from 780 to 
900 nm with a repetition rate of 82 MHz was used as the laser source. The 
fundamental wavelength at 814 nm from the Ti:sapphire oscillator was modulated by 
a Pockels cell (Model 350-160, Conoptics Inc.) to reduce the repetition rate to 
approximately 8.8 MHz and was subsequently frequency-doubled by using a 
harmonic generator (Model TP- 2000B, U-Oplaz Technologies). The resulting second 
harmonic, which had a central wavelength of 407 nm, provided the excitation source, 
and emission (em 505 nm) was collected in front face geometry from solid films 
using appropriate filters to eliminate possible interference from scattered light. The 
full width at half-maximum (FWHM) of the instrument response function was ~35 
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ps. All of the measurements were made in a 4-ns time window with a total of 1024 
channels. A total of ~50k counts were collected at the peak channel for all of the 
lifetime measurements. 
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